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Abstract 


The  5*  Meeting  of  the  International  Collaborative  Project  to  Evaluate  Fire  Models  for  Nuclear 
Power  Plant  Applications  was  hosted  by  the  National  Institute  of  Standards  and  Technology 
(NIST),  U.S.  Department  of  Commerce  and  held  at  NIST  headquarters  at  Gaithersburg, 

Maryland  on  May  2 and  3,  2002.  The  organizing  Committee  for  the  meeting  included  Moni  Dey 
from  the  U.S.  Nuclear  Regulatory  Commission  (U.S.  NRC),  and  Anthony  Hamins  from  NIST. 
Thirty  three  participants  from  five  countries  attended  the  international  meeting. 

The  purpose  of  the  5*  meeting  was  mainly  to  discuss  the  results  of  Benchmark  Exercise  # 2, 
“Pool  Fires  in  Large  Halls,”  conducted  in  the  project.  Validation  and  regulatory  applications  of 
fire  models  were  also  presented  and  discussed  in  the  meeting.  The  results  presented  for  Part  I of 
Benchmark  Exercise  # 2 were  generally  quite  encouraging.  While  the  general,  qualitative,  nature 
of  the  experiments  had  been  captured  in  the  simulations,  a number  of  issues  had  arisen. 
Furthermore,  the  parametric  analysis  undertaken  by  a number  of  participants  had  yielded  useful 
information.  Different  conclusions  have  been  drawn  on  the  most  significant,  or  controlling, 
parameters.  The  combined  effect  of  the  choice  of  heat  of  combustion,  combustion  efficiency  and 
radiative  fraction  was  found  to  be  an  important  factor.  The  validation  and  application  of  several, 
diverse  fire  models,  ranging  from  empirical  equations  organized  in  worksheets  to  zone,  lumped- 
parameter,  and  computational  fluid  dynamic  (CFD)  models,  were  presented  and  discussed  at  the 
meeting.  The  discussions  emphasized  the  need  to  validate  and  determine  the  accuracy  of  such 
models,  especially  to  understand  the  differences  in  the  predictive  capabilities  and  margins  of 
uncertainty  for  the  different  types  of  models  over  a range  of  fire  scenarios.  This  information  is 
needed  to  establish  safety  factors  and  implement  effective  applications  of  these  models  in  a 
regulatory  framework.  The  need  to  define  credible  fire  scenarios  and  generate  data  for  fire 
sources,  especially  cable  tray  fires,  was  emphasized. 
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Executive  Summary 


The  5*  Meeting  of  the  International  Collaborative  Project  to  Evaluate  Fire  Models  for  Nuclear 
Power  Plant  Applications  was  hosted  by  the  National  Institute  of  Standards  and  Technology 
(NIST),  U.S.  Department  of  Commerce  and  the  U.S.  Nuclear  Regulatory  Commission  and  held 
at  NIST  headquarters  at  Gaithersburg,  Maryland  on  May  2 and  3,  2002.  Thirty  three  participants 
from  five  countries,  France,  Germany,  UK,  Finland,  and  the  US  attended  the  international 
meeting. 


The  objective  of  the  International  Collaborative  Project  to  Evaluate  Fire  Models  for  Nuclear 
Power  Plant  Applications  is  to  share  the  knowledge  and  resources  of  various  organizations  to 
evaluate  and  improve  the  state  of  the  art  of  fire  models  for  use  in  nuclear  power  plant  (NPP)  fire 
safety  analysis.  The  project  is  divided  into  two  phases.  The  objective  of  the  first  phase  is  to 
evaluate  the  capabilities  of  current  state-of-the-art  fire  models  (empirical,  zone,  lumped- 
parameter,  and  CFD)  for  fire  safety  analysis  in  NPPs.  The  second  phase  will  implement 
beneficial  improvements  to  current  fire  models  that  are  identified  in  the  first  phase,  and  extend 
the  validation  database  of  those  models. 

The  1st  planning  meeting  of  the  project  was  held  at  the  University  of  Maryland  at  College  Park, 
USA,  on  October  25-26,  1999.  The  summary  of  the  1st  meeting  and  the  details  of  the  objectives 
established  for  the  project  can  be  found  in  NUREG/CP-0170  (April  2000).  The  2nd  meeting  of 
the  collaborative  project  was  hosted  by  the  Institute  for  Protection  and  Nuclear  Safety  (IPSN), 
France  and  held  at  the  IPSN  offices  at  Fontenay-aux-Roses,  France  on  June  19  and  20,  2000. 

The  objective  of  the  2"^  meeting  was  to  discuss  the  definition  of  the  benchmark  exercise  in  the 
project.  The  summary  of  the  2"^*  meeting  can  be  found  in  NUREG/CP-0173  (July  2001).  The  3^^* 
meeting  of  the  collaborative  project  was  hosted  by  the  Electric  Power  Research  Institute  (EPRI) 
and  held  at  the  EPRI  offices  in  Palo  Alto,  California  on  January  14-15,  2001.  The  objective  of 
the  3'‘‘*  meeting  was  to  discuss  the  results  of  the  P*  benchmark  exercise.  Since  the  results  of  the 
benchmark  exercise  were  documented  in  NUREG-1758  (June  2002),  formal  proceedings  of 
the  3"‘*  meeting  were  not  published.  The  4*  meeting  of  the  collaborative  projected  was  hosted  by 
GRS,  Germany  and  included  discussions  to  finalize  the  report  of  the  P‘  benchmark  exercise.  A 
summary  of  the  4*  meeting  can  be  found  in  Report  No.  GRS-A-3106. 


1 . Stewart  Miles,  BRE,  UK 

2.  Olavi  Keski-Rahkonen,  VTT,  Finland 

3.  Remy  Bertrand,  IPSN,  France 

4.  Chantal  Casselman,  IPSN,  France 

5.  Marina  Roewekamp,  GRS,  Germany 

6.  Walter  Klein-Hessling,  GRS,  Germany 

7.  Doug  Brandes,  Duke  Power  Co.,  USA 

8.  Bijan  Najafi,  SAIC/EPRI,  USA 
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9.  Francisco  Joglar-Billoch,  SAIC/EPRI,  USA 

10.  Doug  Beller,  NFPA,  USA 

1 1 . Jonathan  Barnett,  WPI,  USA 

12.  Fred  Mowrer,  UMD,  USA 

13.  Boro  Malinovic,  Fauske  Associates,  USA 

14.  Marty  Plys,  Fauske  Associates,  USA 

15.  Alan  Coutts,  Westinghouse,  USA 

16.  Amber  Martin,  Westinghouse,  USA 

17.  Fred  Emerson,  NEI 

18.  Phil  DiNenno,  Hughes  Associates/NEI,  USA 

19.  Jim  Hill,  NIST,  USA 

20.  Anthony  Hamins,  NIST,  USA 

21.  Kevin  McGrattan,  NIST,  USA 

22.  Walter  Jones,  NIST,  USA 

23.  George  Mulholland,  NIST,  USA 

24.  Jason  Floyd,  NIST,  USA 

25.  Louis  Gritzo,  SNL,  USA 

26.  Steve  Nowlen,  SNL,  USA 

27.  Mark  Cunningham,  NRC,  USA 

28.  Moni  Dey,  NRC,  USA 

29.  JS  Hyslop,  NRC,  USA 

30.  Naeem  Iqbal,  NRC,  USA 

3 1 . Mark  Salley,  NRC,  USA 

32.  Chris  Bajwa,  NRC,  USA 

33.  Sharon  Steele,  NRC,  USA 

The  purpose  of  the  5*  meeting  was  to  discuss  the  preliminary  results  of  the  1®‘  part  of  the  2^^ 
benchmark  exercise  in  the  project  on  pool  fires  in  large  halls.  The  specification  of  the  2"‘^  part  of 
the  exercised  was  also  discussed.  Other  topics  discussed  at  the  meeting  included  the  regulatory 
application  and  validation  of  fire  models.  The  full  agenda  of  the  5*^  meeting  is  included  in 
Appendix  A. 


Results  of  Benchmark  Exercise  # 2.  Part  L *Tool  Fires  in  Large  Halls 

The  results  presented  for  Part  I were  generally  quite  encouraging.  While  the  general,  qualitative, 
nature  of  the  experiments  had  been  captured  in  the  simulations,  a number  of  issues  had  arisen. 
Furthermore,  the  parametric  analysis  undertaken  by  a number  of  participants  had  yielded  useful 
information.  Different  conclusions  have  been  drawn  on  the  most  significant,  or  controlling, 
parameters,  that  impact  the  results  presented  in  Part  I. 

For  the  purpose  of  calculating  layer  height  and  temperature,  for  which  most  of  the  measurement 
data  had  been  collected,  the  zone  model  (CFAST)  appeared  to  be  fit  for  purpose.  This  was 
encouraging  given  the  complexity  introduced  by  the  roof  shape,  for  which  an  ‘equivalent’  flat 
ceiling  sufficed.  Analyses  of  the  size  and  location  of  the  ‘infiltration’  openings  for  case  1 and  2 
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indicated  that  the  predictions  were  not  sensitive  to  these  parameters.  This  finding  was  supported 
by  zone,  lumped  parameter,  and  CFD  models. 

While  different  models  were  in  broad  agreement,  participants  had  not  always  agreed  on  the  most 
sensitive  parameters,  i.e.,  what  parameters  were  particularly  critical  in  terms  of  their  influence  on 
the  final  predictions.  An  example  here  was  the  heat  losses  to  the  walls  and  ceiling. 

The  combined  effect  of  the  choice  of  heat  of  combustion,  combustion  efficiency  and  radiative 
fraction  was  found  to  be  an  important  factor.  It  seems  that  the  choice  of  80%  for  the  combined 
effect  of  combustion  efficiency  and  radiative  fraction  was  not  ideal,  resulting  in  too  much  heat 
being  convected  into  the  upper  layer  (and  hence  the  predicted  temperatures  being  higher  than  the 
measured  ones).  By  selecting  an  appropriate  balance  of  convective  heat  release  rate  (by 
modifying  the  combustion  efficiency  and/or  radiative  fraction)  and  heat  losses  to  the  boundaries, 
modelers  could  replicate  the  measured  layer  temperature  quite  closely. 

Finally,  there  was  a general  trend  to  predict  lower  layer  depths  (i.e.  closer  to  the  floor)  than  those 
derived  from  the  measurement  data.  This  is  perhaps  a consequence  of  the  post  processing  of  the 
thermocouple  data  to  derive  smoke  layer  information. 

Validation  and  Reeulatorv  Applications  of  Fire  Models 

Papers  were  presented  on  the  regulatory  application  of  fire  models  by  a user  in  a utility  and  staff 
of  a regulatory  agency  and  an  industry  research  group.  The  papers  identified  the  need  for 
technology  transfer  from  the  research  community  to  users,  and  education  and  training  of  both 
regulatory  inspectors  and  plant  staff.  Increased  dialogue  between  inspectors  and  plant  staff  and  / 
use  of  the  same  tools  will  lead  to  a common  understanding  of  the  models.  There  is  a need  for  • 
guidance  on  the  use  of  models,  and  a good  user  interface  for  effective  application  of  the  models 
to  prevent  misuse.  Worksheets  based  on  empirical  models  available  from  handbooks  were 
presented  both  by  regulators  and  industry  as  a first  systematic  application  of  quantitative  fire 
hazard  analysis  for  nuclear  power  plants.  These  worksheets  provide  a means  to  transition  from 
qualitative  to  quantitative  inspection  methods,  and  also  serve  as  a design  guide  to  support  day-to- 
day  operations.  However,  presenters  and  participants  noted  that  although  these  empirical  models 
provide  a good  start,  they  should  not  be  treated  as  “gospel.”  It  is  necessary  to  establish  the 
margins  of  uncertainty  in  these  correlations  by  conducting  validation  exercises.  These  margins 
can  then  be  used  to  establish  safety  factors  in  fire  hazard  analysis  methods  that  will  lead  to 
acceptability  of  the  analysis  methods. 

Participants  also  presented  descriptions  and  validation  results  of  a wide  range  of  zone,  lumped- 
parameter,  and  CFD  models.  Participants  discussed  and  identified  a need  to  transition  from 
simple  to  more  comprehensive  and  accurate  tools.  In  order  to  identify  the  right  tools  for  various 
regulatory  applications,  it  is  necessary  to  benchmark  the  different  tools  to  develop  their  accuracy 
for  a wide  range  of  fire  scenarios. 

Participants  discussed  and  noted  that  any  type  of  fire  model  analysis  requires  establishing 
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credible  fire  scenarios.  Participants  noted  that  current  documents  on  the  use  of  fire  models  in 
NPP  applications  have  not  addressed  this  item  as  yet.  The  absence  of  such  information  is  a 
challenge  in  the  current  inspection  process.  Fire  scenario  definition  should  be  identified  as  a 
priority  in  the  research  plan.  Rame  spread  rate  data  in  cable  trays  was  also  identified  as  a 
priority  research  item.  The  development  of  a comprehensive  database  of  mass  loss  rate  profiles 
for  combustible  materials  in  NPPs  is  essential  for  the  efficient  and  broader  application  of  fire 
models  in  fire  safety  analysis. 
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Foreword 


The  National  Institute  of  Standards  and  Technology  (NIST),  U.S.  Department  of  Commerce,  in 
collaboration  with  the  U.S.  Nuclear  Regulatory  Commission,  is  pleased  to  publish  the 
proceedings  of  the  5*  meeting  of  the  International  Collaborative  Project  to  Evaluate  Fire  Models 
for  Nuclear  Power  Plant  Applications.  Since  the  inception  of  the  project  in  1999,  NIST  and  the 
U.S.  NRC  established  an  inter-agency  memorandum  of  understanding  and  collaborated  in 
conducting  research  to  provide  the  necessary  technical  data  and  tools  to  support  the  use  of  fire 
models  in  nuclear  power  plant  fire  safety  analysis.  The  joint  sponsorship  of  the  5*“^  meeting  of 
the  project  and  publication  of  these  proceedings  is  a product  of  this  collaboration.  As  is  apparent 
from  these  proceedings,  the  international  collaborative  project  is  resulting  in  a significant 
exchange  of  useful  technical  information  between  participants  in  the  project.  NIST  appreciates 
and  values  the  technical  information  provided  by  all  participants  in  this  project.  It  would  be 
difficult  for  a single  organization  to  generate  the  diverse  technical  information  collected  through 
such  a broad  collaborative  effort.  NIST  is  pleased  to  be  a partner  and  provide  its  contribution  to 
the  international  collaboration  through  its  participation  in  the  project  and  publication  of  these 
proceedings. 


Building  and  Fire  Research  Laboratory 
National  Institute  of  Standards  and  Technology 
U.S.  Department  of  Commerce 
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1 Introduction 


The  objective  of  the  International  Collaborative  Project  to  Evaluate  Fire  Models  for  Nuclear 
Power  Plant  Applications  is  to  share  the  knowledge  and  resources  of  various  organizations  to 
evaluate  and  improve  the  state  of  the  art  of  fire  models  for  use  in  nuclear  power  plant  (NPP)  fire 
safety  analysis.  The  project  is  divided  into  two  phases.  The  objective  of  the  first  phase  is  to 
evaluate  the  capabilities  of  current  state-of-the-art  fire  models  (empirical,  zone,  lumped- 
parameter,  and  CFD)  for  fire  safety  analysis  in  NPPs.  The  second  phase  will  implement 
beneficial  improvements  to  current  fire  models  that  are  identified  in  the  first  phase,  and  extend 
the  validation  database  of  those  models. 

The  1st  planning  meeting  of  the  project  was  held  at  the  University  of  Maryland  at  College  Park, 
USA,  on  October  25-26, 1999.  The  summary  of  the  1st  meeting  and  the  details  of  the  objectives 
established  for  the  project  can  be  found  in  NUREG/CP-0170  (April  2000).  The  2nd  meeting  of 
the  collaborative  project  was  hosted  by  the  Institute  for  Protection  and  Nuclear  Safety  (IPSN), 
France  and  held  at  the  IPSN  offices  at  Fontenay-aux-Roses,  France  on  June  19  and  20,  2000. 

The  objective  of  the  2”^^  meeting  was  to  discuss  the  definition  of  the  benchmark  exercise  in  the 
project.  The  summary  of  the  2”^^  meeting  can  be  found  in  NUREG/CP-0173  (July  2001).  The  3'^^ 
meeting  of  the  collaborative  project  was  hosted  by  the  Electric  Power  Research  Institute  (EPRI) 
and  held  at  the  EPRI  offices  in  Palo  Alto,  California  on  January  14-15,  2001.  The  objective  of 
the  3"^  meeting  was  to  discuss  the  results  of  the  F*  benchmark  exercise.  Since  the  results  of  the 
F'  benchmark  exercise  were  documented  in  NUREG-1758  (June  2002),  formal  proceedings  of 
the  3^^  meeting  were  not  published.  The  4*  meeting  of  the  collaborative  projected  was  hosted  by 
GRS,  Germany  and  included  discussions  to  finalize  the  report  of  the  F‘  benchmark  exercise.  A 
summary  of  the  4*  meeting  can  be  found  in  Report  No.  GRS-A-3106. 

The  5*  Meeting  of  the  International  Collaborative  Project  to  Evaluate  Fire  Models  for  Nuclear 
Power  Plant  Applications  was  hosted  by  the  National  Institute  of  Standards  and  Technology 
(NIST),  U.S.  Department  of  Commerce  and  held  at  NIST  headquarters  at  Gaithersburg, 

Maryland  on  May  2 and  3,  2002.  The  organizing  Committee  for  the  meeting  included  Moni  Dey 
from  the  U.S.  Nuclear  Regulatory  Commission  (U.S.  NRC),  and  Anthony  Hamins  from  NIST. 
The  following  thirty  three  participants  from  five  countries  attended  the  international  meeting: 

34.  Stewart  Miles,  BRE,  UK 

35.  Olavi  Keski-Rahkonen,  VTT,  Finland 

36.  Remy  Bertrand,  IPSN,  France 

37.  Chantal  Casselman,  IPSN,  France 

38.  Marina  Roewekamp,  GRS,  Germany 

39.  Walter  Klein-Hessling,  GRS,  Germany 

40.  Doug  Brandes,  Duke  Power  Co.,  USA 

41.  Bijan  Najafi,  SAIC/EPRI,  USA 

42.  Francisco  Joglar-Billoch,  SAIC/EPRI,  USA 

43.  Doug  Beller,  NFPA,  USA 

44.  Jonathan  Barnett,  WPI,  USA 
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45.  Fred  Mowrer,  UMD,  USA 

46.  Boro  Malinovic,  Fauske  Associates,  USA 

47.  Marty  Plys,  Fauske  Associates,  USA 

48.  Alan  Coutts,  Westinghouse,  USA 

49.  Amber  Martin,  Westinghouse,  USA 

50.  Fred  Emerson,  NEI 

51.  Phil  DiNenno,  Hughes  Associates/NEI,  USA 

52.  Jim  Hill,  NIST,  USA 

53.  Anthony  Hamins,  NIST,  USA 

54.  Kevin  McGrattan,  NIST,  USA 

55.  Walter  Jones,  NIST,  USA 

56.  George  Mulholland,  NIST,  USA 

57.  Jason  Floyd,  NIST,  USA 

58.  Louis  Gritzo,  SNL,  USA 

59.  Steve  Nowlen,  SNL,  USA 

60.  Mark  Cunningham,  NRC,  USA 

61.  Moni  Dey,  NRC,  USA 

62.  JS  Hyslop,  NRC,  USA 

63.  Naeem  Iqbal,  NRC,  USA 

64.  Mark  Salley,  NRC,  USA 

65.  Chris  Bajwa,  NRC,  USA 

66.  Sharon  Steele,  NRC,  USA 

The  purpose  of  the  5*  meeting  was  to  discuss  the  preliminary  results  of  the  part  of  the  2"^^ 
benchmark  exercise  in  the  project  on  pool  fires  in  large  halls.  The  specification  of  the  2"^*  part  of 
the  exercised  was  also  discussed.  Other  topics  discussed  at  the  meeting  included  the  regulatory 
application  and  validation  of  fire  models.  The  full  agenda  of  the  5*  meeting  is  included  in 
Appendix  A. 
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2 Background 


The  first  task  of  the  collaborative  project  was  to  undertake  a benchmark  exercise  to  evaluate  the 
current  capability  of  fire  models  to  analyze  the  hazard  associated  with  cable  tray  fires  of 
redundant  safety  systems  in  nuclear  power  plants.  These  systems  are  required  to  shutdown  the 
reactor  during  an  emergency,  and  when  located  inside  the  same  compartment  must  be  separated  / 
by  a specified  distance  to  ensure  that  a fire  in  one  system  does  not  cause  the  other  to  fail  also. 

The  exercise  involved  a series  of  hypothetical  scenarios  to  predict  cable  damage  inside  an 
emergency  switchgear  room,  and  were  fairly  tightly  specified  in  respect  of  the  input  and 
modeling  parameters  to  be  used.  Due  to  the  size  of  the  room  and  the  nature  of  the  fire  scenarios, 
the  differences  in  the  conclusions  obtained  using  the  various  fire  models  were  not  significant. 
Target  cable  damage  was  predicted  to  be  unlikely  in  almost  all  cases  studied.  A summary  of  the 
main  results,  findings  and  conclusions  is  included  in  NUREG-1758  (June  2002). 

This  section  summarizes  the  second  benchmark  exercise.  The  main  objectives  taken  into 
consideration  when  selecting  the  second  benchmark  exercise  were: 

• To  examine  scenario(s)  that  provide  a harder  test  for  zone  models,  in  particular  with 
respect  to  fire  spread  in  large  volumes  representative  of,  say,  a turbine  hall. 

• If  possible,  to  make  use  of  experimental  data  to  fulfil  the  requirement  of  more  thoroughly 
testing  the  predictive  capability  of  both  zone  and  CFD  fire  models.  Again,  the  emphasis 
when  selecting  scenarios  was  on  large  smoke  filling  volumes. 

Benchmark  Exercise  # 2 is  divided  into  two  parts.  For  the  first  part  there  are  experimental 
measurements  of  temperature  and  velocity  against  which  model  predictions  can  be  compared. 
The  second  part  extends  the  scope  of  the  exercise  to  examine  the  consequence  of  larger  fires,  but 
for  which  there  are  no  experimental  measurements  against  which  to  compare. 

Part  I includes  three  cases,  based  on  a series  of  full-scale  experiments  inside  a test  hall  with 
dimensions  19  m high  by  27  m long  by  14  m wide  (i.e.,  floor  area  378  m^).  Each  case  involves  a 
single  fire  (2  MW  to  4 MW),  and  for  which  there  are  experimental  measurements  of  gas 
temperature  and  doorway  velocity.  The  height  of  a turbine  hall  within  an  NPP  (c.  25  m)  is 
similar  to  that  of  the  test  hall  although  it  is  acknowledged  that  the  area  of  a turbine  hall  (c.  3500 
m^)  is  much  greater.  However,  the  test  hall  is  one  of  the  largest  enclosures  for  which  fire  test 
data  is  available  for  comparison  with  model  predictions.  The  preliminary  results  of  Part  I were 
presented  and  discussed  at  the  5*  meeting. 

Part  n includes  three  additional  cases  for  which  experimental  measurements  do  not  exist,  but 
extend  the  scope  of  the  benchmark  exercise  to  examine  the  effect  of  a bigger  fire  and  larger  floor 
area  representative  of  a hydrocarbon  pool  fire  in  a real  turbine  hall.  These  are  optional  cases  for 
participants  to  investigate  if  time  and  resources  allow.  The  specification  of  Part  11  was  discussed 
at  the  5*  meeting. 

Although  most  input  parameters  are  defined.  Benchmark  Exercise  # 2 does  in  a few  respects 
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involve  a greater  degree  of  user  judgement  in  setting  up  the  problem  compared  to  the  first 
benchmark  exercise.  This  applies  in  particular  to  the  treatment  of  the  sloping  roof  (with  zone 
models)  in  Part  I.  Appendix  B includes  the  full  specification  document  for  Benchmark  Exercise 


#2. 
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3 Meeting  Summary 

The  following  provides  a summary  of  the  main  topics  discussed  at  the  meeting,  the 
benchmark  exercise,  and  the  validation  and  regulatory  application  of  fire  models.  Summary 
papers  submitted  for  the  proceedings  and  slides  used  by  the  presenters  are  included  in 
Appendices  C and  D,  respectively. 

3. 1 Benchmark  Exercise  # 2,  “Pool  Fires  in  Large  Halls” 

Summary 

Session  IV  was  devoted  to  the  second  benchmark  exercise  (Fire  in  a Large  Hall).  This  has  been 
selected  to  challenge  fire  models  in  respect  to  issues  not  addressed  in  the  first  exercise,  e.g.,  the 
effects  of  fire  in  a large  volume  representative  of,  say,  a turbine  hall.  Furthermore,  it  includes 
some  scenarios  for  which  there  are  experimental  measurements,  allowing  comparisons  to  be 
undertaken. 

Benchmark  Exercise  # 2 is  divided  into  two  parts.  For  the  first  part  there  are  experimental 
measurements  of  temperature  against  which  model  predictions  can  be  compared.  The  second  part 
extends  the  scope  of  the  exercise  to  examine  the  consequence  of  larger  fires,  but  for  which  there 
are  no  experimental  measurements  to  compare  against. 

The  session  was  devoted  mainly  to  presentations  and  discussions  on  simulations  of  Part  I,  where 
various  participants  had  made  comparisons  between  predicted  and  measured  data.  This  was 
followed  by  a discussion  of  the  format  for  Part  n of  the  benchmark  exercise,  so  that  the  problem 
definition  could  be  finalized  before  participants  undertook  simulations. 

Benchmark  Exercise  # 2 - Part  I 


S.  Miles  introduced  Part  I at  the  start  of  the  session.  It  includes  three  cases,  based  on  a series  of 
full-scale  experiments  inside  a test  hall  with  dimensions  19  m high  by  27  m long  by  14  m wide. 
Each  case  involves  a single  fire,  in  the  range  2 MW  to  4 MW,  and  for  which  there  are 
experimental  measurements  of  gas  temperatures  at  various  locations  inside  the  hall,  in  particular 
at  the  location  of  three  vertical  thermocouple  trees. 

The  problem  specification  included  in  Appendix  B contains  full  details  of  the  tests,  and  the 
requirements  for  the  numerical  simulations.  It  was  released  in  conjunction  with  a summary  of  the 
measurement  data  against  which  to  compare  predictions,  and  so  Part  I is  therefore  an  informed 
study  rather  than  a blind  simulation  exercise.  Nevertheless,  participants  have  been  invited  to 
make  quantitative  comparisons  between  predictions  and  measurements,  and  to  draw  conclusions 
where  possible. 

Six  presentations  were  made  at  the  meeting,  covering  ten  sets  of  predictions,  including  three 
examples  of  CFAST,  two  of  FDS,  two  of  JASMINE  and  one  each  of  COCOS  YS,  HADCRT  and 
CFX. 
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Presentations 


Jonathan  Barnett  - Class  Exercise  using  CFAST,  JASMINE  and  EDS 

The  presentation  was  made  by  J Barnett  on  behalf  of  nine  students  studying  performance-based 
fire  design  as  part  of  an  undergraduate  course  at  Worcester  Polytechnic  Institute.  Most  students 
had  some  experience  in  the  fire  protection  industry.  However,  prior  to  the  exercise  they  had  only 
had  limited  experience  of  zone  models,  and  none  had  any  CFD  experience. 

The  students  had  been  divided  into  three  groups,  one  group  using  FDS,  one  group  using 
JASMINE  (via  the  JOSEFINE  user  interface)  and  one  group  using  CFAST.  The  presentation 
focussed  more  on  general  observations  rather  than  detailed  comparisons.  With  all  three  models 
the  students  had  found  the  sloping  roof  a challenge.  For  the  zone  model  (CFAST)  an  equivalent 
flat  ceiling  had  been  specified.  For  both  CFD  models  they  had  found  setting  up  the  sloping  roof 
to  be  time  consuming.  Probably  the  biggest  ’complaint’  of  the  CFD  models  was  the  long 
simulation  times  compared  to  zone  models,  making  sensitivity  analysis  difficult.  Another  issue 
was  in  calculating  layer  heights  and  temperatures  from  CFD  data. 

Two  options  had  been  investigated  for  setting  the  height  of  the  equivalent  flat  ceiling  in  CFAST; 
conserving  the  enclosure  volume  and  conserving  the  enclosure  surface  area.  However,  it  was 
found  that  the  choice  had  no  significant  effect  on  the  results.  The  students  had  been  unsuccessful 
in  specifying  mechanical  exhaust  ventilation  for  case  3. 

Predictions  for  gas  temperature  were  considered  to  appear  reasonable  for  all  models.  Given  that 
they  had  used  the  models  with  little,  or  no,  prior  fire  modelling  experience  and  were  left  in  the 
main  unsupervised,  the  outcome  of  the  exercise  was  quite  promising.  However,  the  students  had 
found  the  models  quite  difficult  to  use,  and  stressed  the  need  for  good  guidance  on  their  use. 

Walter  Klein-Hessling  - COCOSYS  (lumped  parameter)  and  CFX-4  (CFD) 

W Klein-Hessling  presented  work  that  he  had  undertaken  with  the  lumped  parameter  model 
COCOSYS  and  that  his  colleague,  W Heitsch,  had  performed  with  the  CFD  model  CFX-4.  Most 
work  had  been  undertaken  with  COCOSYS  at  this  stage. 

COCOSYS  had  been  set  up  with  approximately  500  (lumped  parameter)  control  volumes,  with 
individual  ones  located  the  thermocouple  locations  so  that  a detailed  comparison  against  those 
measurements  could  be  made.  The  COCOSYS  simulations  had  taken  about  three  hours  for  each 
case. 

Reasonable  agreement  between  predicted  and  measured  temperatures  at  the  three  thermocouple 
trees  had  been  achieved  with  COCOSYS  once  the  combustion  efficiency  had  been  reduced  by  a 
further  40  %.  In  the  specification  document  a plume  radiative  fraction  of  20  % had  been 
suggested,  which  had  been  equated  to  a reduced  combustion  efficiency.  Another  useful  finding 
from  the  COCOSYS  study  was  that  varying  the  location  of  the  infiltration  openings  for  case  1 
and  2 had  little  effect  on  the  results.  Heat  loss  to  the  walls  and  ceiling  had  been  varied,  but  while 
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this  modified  the  gas  temperatures  by  up  to  20  °C,  this  was  less  than  the  effect  produced  by 
reducing  the  combustion  efficiency. 

COCOS  YS  had  under  predicted  the  plume  temperature,  which  is  a consequence  of  there  being 
no  plume  model  and  the  control  volumes  above  the  fire  being  relatively  large  (compared  to  those 
typically  used  in  CFD).  Furthermore,  the  spread  in  temperatures  at  the  thermocouple  column 
locations  was  greater  in  the  COCOS  YS  results  than  in  the  measurements,  which  may  be  a 
consequence  of  not  solving  for  momentum  conservation.  It  was  suggested  that  the  COCOSYS 
pyrolysis  model  could  have  been  used,  which  predicts  the  mass  release  rate  of  fuel.  However, 
additional  information  about  the  fire  source  would  have  been  required. 

Only  preliminary  simulations  had  been  performed  with  CFX.  However,  the  temperature 
predictions  were  currently  too  high.  Furthermore,  numerical  stability  problems  had  been 
encountered,  especially  with  case  3 (with  mechanical  ventilation).  The  problem  of  generating 
layer  interface  and  temperature  information  from  a CFD  simulation  was  raised.  The  CFX 
simulations  had  taken  about  one  week  each. 

A general  remark  was  made  that  the  use  of  a fixed  convective  heat  transfer  coefficient  (10  J s-1 
m-2  K-1)  was  too  simplistic. 

Amber  Martin  - CFAST  (zone) 

This  presentation  was  from  a practicing  consultant's  perspective.  CFAST  version  3.1.6  had  been 
used  to  simulate  Part  I.  As  the  presenter  had  not  received  the  experimental  summary  data,  the 
simulations  had  been  performed  blind.  It  was  encouraging  to  see  that  the  CFAST  predictions  for 
layer  height  and  temperature  were  in  line  with  those  produced  by  the  other  participants.  Upper 
layer  temperatures  were  quite  close  to  the  measurements,  and  the  predicted  layer  height 
descended  to  a lower  value  than  that  indicated  by  the  measurement  data.  As  for  the  other  CFAST 
participants,  an  equivalent  flat  ceiling  had  been  modeled  (conserving  enclosure  volume). 

Boro  Malinovic  - HADCRT  (lumped  parameter) 

This  presentation  covered  the  second  of  the  lumped  parameter  models.  HADCRT  was  developed 
initially  for  explosions  and  other  accidents,  but  is  being  extended  to  include  fire  modelling.  In 
contrast  to  the  COCOSYS  simulations,  relatively  few  'junctions'  were  employed  and  so  the 
modelling  was  more  akin  to  that  of  a zone  model.  Consequently,  simulations  took  only  a few 
minutes. 

The  upper  layer  temperature  predictions  were  quite  close  to  the  experimental  values  but  the  layer 
was  predicted  to  descend  closer  to  the  floor.  Although  radiation  had  been  ignored  in  the 
simulations  reported,  about  (20  to  25)  % of  the  heat  was  transferred  to  the  boundaries  (by 
convection). 

It  was  suggested  that  a parametric  analysis  of  the  effect  of  varying  the  size  and  location  of  the 
infiltration  openings  for  case  1 and  2 be  performed,  as  this  may  be  important.  In  particular,  it 
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may  influence  the  lower  layer  temperature. 

Kevin  McGrattan  - FDS  ( CFD) 

The  FDS  simulations  were  undertaken  as  specified,  except  that  35%  of  the  heat  release  rate  was 
assigned  to  plume  radiation  (instead  of  20  %).  FDS  version  2 was  used,  with  five  mesh  blocks 
(one  at  the  plume  with  a mesh  resolution  of  10  cm  and  four  in  the  rest  of  the  hall  with  a 
resolution  of  40  cm).  A total  of  approximately  200,000  grid  cells  were  used  in  the  simulations. 
Using  this  grid,  good  agreement  between  predicted  and  measured  temperatures  at  the  three 
thermocouple  columns  was  demonstrated. 

There  was  some  discrepancy  in  the  plume  temperatures,  particularly  at  the  lower  thermocouple 
location  (about  100°C  discrepancy  for  case  1).  This  was  attributed  to  limitations  of  the 
combustion  model,  and  it  was  suggested  also  that  if  the  plume  had  leaned  slightly  in  the 
experiments  then  this  feature  would  most  likely  be  missed  in  the  simulation,  which  would  still 
'pick  up'  the  hot  temperature  on  the  plume  centre-line.  Better  plume  temperature  agreement  was 
achieved  in  case  2 and  3 (with  the  larger  fire  size),  which  was  attributed  to  there  being  more  grid 
cells  across  the  width  of  the  plume  compared  to  case  1. 

Earlier  simulations  had  been  undertaken  with  a single  mesh  block,  resulting  in  a coarser  grid  at 
the  plume.  The  temperature  agreement  was  not  as  good  with  this  grid,  with  the  predicted  values 
being  too  high.  This  was  attributed  to  the  grid  size  being  too  great,  with  the  result  that  the  air 
entrainment  was  under-predicted  and  thus  the  ceiling  layer  was  then  too  hot.  It  was  stressed  that 
grid  size  in  the  plume  was  critical  in  the  LES  approach,  and  that  six  to  eight  grid  cells  across  the 
diameter  of  the  fire  source  were  required.  This  led  onto  a discussion  on  how  engineers  should  be 
guided  on  this,  and  also  on  related  numerical  and  modeling  issues. 

Stewart  Miles  - JASMINE  ( CFD)  and  CFAST  (zone) 

This  presentation  covered  simulations  using  JASMINE  and  CFAST  (used  in  conjunction  with 
the  FAST  graphical  interface).  A sensitivity  analysis  had  been  performed  with  CFAST  on  a 
number  of  parameters,  in  particular  the  heat  losses  to  the  boundaries  and  the  size  and  location  of 
the  infiltration  openings  for  case  1 and  2.  A more  limited  sensitivity  analysis  had  been 
undertaken  with  JASMINE,  examining  again  the  boundary  heat  losses  and  the  infiltration 
openings.  A grid  sensitivity  analysis  had  been  performed  with  JASMINE. 

In  common  with  the  approach  adopted  by  other  participants,  CFAST  was  run  with  a flat  ceiling 
with  a height  set  to  conserve  the  volume  of  the  enclosure  for  most  simulations.  Sensitivity  to 
ceiling  height  had  been  investigated.  ‘Baseline’  CFAST  simulations  were  performed  using  the 
specified  combination  of  sheet  metal  and  mineral  wool.  However,  to  investigate  the  sensitivity  to 
boundary  heat  loss,  simulations  had  been  performed  with  metal  only,  mineral  wool  only  and 
non-conducting  (adiabatic)  surfaces.  For  case  1 and  2 the  sensitivity  to  the  size  and  location  of 
the  ‘infiltration’  openings  had  been  investigated.  Here  the  original  0.5  m^  openings  were 
replaced  first  by  0.01  m^  openings  and  then  by  two  large  (16  m^)  openings.  The  effect  of 
increasing/decreasing  the  height  of  the  openings  (above  the  floor)  had  been  studied  too. 
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The  CFD  (JASMINE)  simulations  had  been  performed  using  a numerical  mesh  of  approximately 
130,000  elements.  A mesh  resolution  sensitivity  study,  using  a mesh  with  eight  times  the  number 
of  elements,  was  reported.  Heat  losses  to  the  boundaries  had  been  modeled  using  a thermal 
penetration  model,  assuming  only  the  mineral  wool  material.  The  effect  of  increasing  the 
boundary  heat  losses  (by  modifying  the  thermal  properties  of  the  material)  had  been  investigated. 

The  presentation  reported  that  probably  the  most  important  finding,  demonstrated  by  both  the 
zone  and  CFD  models,  was  the  sensitivity  of  the  gas  temperatures  to  the  conduction  losses  at  the 
walls  and  ceiling.  In  the  CFAST  simulations  the  closest  agreement  with  measurement  was 
obtained  by  using  either  a sheet  metal  and  mineral  wool  two-layer  combination  or  by  using  the 
sheet  metal  alone.  In  the  JASMINE  simulations  closer  agreement  with  measurement  was 
obtained  when  the  conduction  losses  were  increased.  It  was  suggested  that  the  conduction  into 
the  steel  might  be  important.  The  smoke  layer  height,  however,  seemed  to  be  less  sensitive  to  the 
boundary  conduction  loss  calculation. 

The  CFAST  study  indicated  that  while  the  upper  layer  temperature  is  sensitive  to  the  choice  of 
ceiling  height,  the  layer  height  is  sensitive  only  during  the  initial  stage  of  the  fire.  Both  the  zone 
model  and  CFD  simulations  had  indicated  that  the  exact  choice  of  ‘infiltration’  openings  in  cases 
1 and  2 was  not  critical. 

Reasonable  agreement  has  been  shown  between  measured  plume  temperatures  and  those 
predicted  in  the  JASMINE  simulations.  The  mesh  refinement  study  had  indicated  some 
sensitivity  to  this  parameter,  with  the  finer  mesh  producing  results  closer  to  those  measured. 

Summarizing  Remarks 

The  results  presented  for  Part  I were  generally  quite  encouraging.  While  the  general,  qualitative, 
nature  of  the  experiments  had  been  captured  in  the  simulations,  a number  of  issues  had  arisen. 
Furthermore,  the  parametric  analysis  undertaken  by  a number  of  participants  had  yielded  useful 
information.  Different  conclusions  have  been  drawn  on  the  most  significant,  or  controlling, 
parameters. 

For  the  purpose  of  calculating  layer  height  and  temperature,  for  which  most  of  the  measurement 
data  had  been  collected,  the  zone  model  (CFAST)  appeared  to  be  fit  for  purpose.  This  was 
encouraging  given  the  complexity  introduced  by  the  roof  shape,  for  which  an  ‘equivalent’  flat 
ceiling  sufficed.  Analyses  of  the  size  and  location  of  the  ‘infiltration’  openings  for  case  1 and  2 
indicated  that  the  predictions  were  not  sensitive  to  these  parameters.  This  finding  was  supported 
by  zone,  lumped  parameter  and  CFD  models. 

While  different  models  were  in  broad  agreement,  participants  had  not  always  agreed  on  the  most 
sensitive  parameters,  i.e.  what  parameters  were  particularly  critical  in  terms  of  their  influence  on 
the  final  predictions.  An  example  here  was  the  heat  losses  to  the  walls  and  ceiling. 

The  combined  effect  of  the  choice  of  heat  of  combustion,  combustion  efficiency  and  radiative 
fraction  was  found  to  be  an  important  factor.  It  seems  that  the  choice  of  80  % for  the  combined 
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effect  of  combustion  efficiency  and  radiative  fraction  was  not  ideal,  resulting  in  too  much  heat 
being  convected  into  the  upper  layer  (and  hence  the  predicted  temperatures  being  higher  than  the 
measured  ones).  By  selecting  an  appropriate  balance  of  convective  heat  release  rate  (by 
modifying  the  combustion  efficiency  and/or  radiative  fraction)  and  heat  losses  to  the  boundaries, 
modelers  could  replicate  the  measured  layer  temperature  quite  closely. 

Finally,  there  was  a general  trend  to  predict  lower  layer  depths  (i.e.  closer  to  the  floor)  than  those 
derived  from  the  measurement  data.  This  is  perhaps  a consequence  of  the  post  processing  of  the 
thermocouple  data  to  derive  smoke  layer  information. 

Benchmark  Exercise  # 2 - Part  n 

Part  II  is  a ‘hypothetical’  example  for  which  there  are  no  experimental  measurements.  However, 
the  dimensions  of  the  building  are  greater  than  in  Part  I,  and  have  been  selected  to  more  closely 
represent  a turbine  hall. 

The  current  specification  for  Part  n (as  at  the  time  of  the  meeting)  was  summarized  by  S Miles. 
The  fire  source  was  representative  of  a large  hydrocarbon  pool  fire.  ‘Target’  cables  and  beams 
had  been  included,  for  which  the  likelihood  of  thermal  damage  was  to  be  estimated.  Although 
the  building  geometry  was  rectangular,  in  some  of  scenario  cases  there  was  the  added  complexity 
of  an  internal  ceiling,  effectively  dividing  the  space  into  two  connected  compartments.  There 
then  followed  a general  discussion  on  what,  if  any,  modifications  should  be  made  before 
participants  proceeded  to  model  the  cases. 

Modelers  seemed  keen  to  undertake  simulations  of  Part  11.  However,  while  some  participants 
wished  for  a bigger  fire  (>  200  MW),  others  wanted  a smaller  one.  It  was  decided  to  keep  the  fire 
size  as  it  was  currently  specified  (i.e.  growing  to  about  70  MW).  The  other  main  changes  that 
were  agreed  or  suggested  wereiTo  reduce  the  number  of  cases  to  be  modelled  to  three. 

• To  include  the  internal  ceiling,  dividing  the  hall  into  a lower  and  upper  deck,  in  all  cases. 

• To  introduce  a second  opening  in  the  internal  ceiling. 

• To  increase  the  mechanical  extraction  rate  to  24  mVs  and  120  mVs  for  the  cases  where  this  is 
included. 

There  was  an  interest  in  the  ability  of  models  to  predict  the  flow  distribution  through  the  hatch 
opening(s),  which  might  be  quite  complex.  It  was  agreed  to  add  the  calculation  of  net  up/down 
mass  and  heat  fluxes  through  the  opening(s)  to  the  list  of  predicated  variables. 

Note  that  following  the  meeting  the  specification  for  Part  II  was  revised  and  presented  on  the 
web  pages  of  the  collaborative  project  for  comment.  The  final  specification  was  made  available 
to  participants  on  5th  June  2002. 
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3.2  Validation  and  Regulatory  Applications  of  Fire  Models 


Three  papers  were  presented  on  the  regulatory  application  of  fire  models  by  a user  in  a utility, 
and  staff  in  a regulatory  agency  and  industry  research  group.  The  papers  identified  the  need  for 
technology  transfer  from  the  research  community  to  users,  and  education  and  training  of  both 
regulatory  inspectors  and  plant  staff.  Increased  dialogue  between  inspectors  and  plant  staff  and 
use  of  the  same  tools  will  lead  to  a common  understanding  of  the  models.  There  is  a need  for 
guidance  on  the  use  of  models,  and  a good  user  interface  for  effective  application  of  the  models 
to  prevent  misuse.  Worksheets  based  on  empirical  models  available  from  handbooks  were 
presented  both  by  regulators  and  industry  as  a T‘  systematic  application  of  quantitative  fire 
hazard  analysis  for  nuclear  power  plants.  These  worksheets  provide  a means  to  transition  from 
qualitative  to  quantitative  inspection  methods,  and  also  serve  as  a design  guide  to  support  day-to- 
day  operations.  However,  presenters  and  participants  noted  that  although  these  empirical  models 
provide  a good  start,  they  should  not  be  treated  as  “gospel.”  It  is  necessary  to  establish  the 
margins  of  uncertainty  in  these  correlations  by  conducting  validation  exercises.  These  margins 
can  then  be  used  to  establish  safety  factors  in  fire  hazard  analysis  methods  that  will  lead  to 
acceptability  of  the  analysis  methods. 

Participants  also  presented  descriptions  and  validation  results  of  a wide  range  of  zone,  lumped- 
parameter,  and  CFD  models.  Participants  discussed  and  identified  a need  to  transition  from 
simple  to  more  comprehensive  and  accurate  tools.  In  order  to  identify  the  right  tools  for  various 
regulatory  applications,  it  is  necessary  to  benchmark  the  different  tools  to  develop  their  accuracy 
for  a wide  range  of  fire  scenarios. 

Participants  discussed  and  noted  that  any  type  of  fire  model  analysis  requires  establishing 
credible  fire  scenarios.  Participants  noted  that  current  documents  on  the  use  of  fire  models  in 
NPP  applications  have  not  addressed  this  item  as  yet.  The  absence  of  such  information  is  a 
challenge  in  the  current  inspection  process.  Fire  scenario  definition  should  be  identified  as  a 
priority  in  the  research  plan.  Flame  spread  rate  data  in  cable  trays  was  also  identified  as  a 
priority  research  item.  The  development  of  a comprehensive  database  of  mass  loss  rate  profiles 
for  combustible  materials  in  NPPs  is  essential  for  the  efficient  and  broader  application  of  fire 
models  in  fire  safety  analysis. 

3.3  Future  Tasks  and  Benchmark  Exercises 

Session  V of  the  meeting  included  presentations  and  discussion  of  proposed  benchmark 
exercises  for  the  project.  Participants  agreed  to  proceed  with  planning  of  these  proposed 
exercises  (which  are  summarized  below)  at  the  6**"  project  meeting  scheduled  for  October  2002. 

I.  Benchmark  Exercise  # 3,  “Cable  Targets  in  Single  Compartment  Fires”:  This 

benchmark  exercise  will  entail  blind  simulation  of  tests  in  a full-scale  single 
compartment  that  will  be  sponsored  by  NRC  and  conducted  at  NIST.  The  size  of  the 
compartment  will  be  representative  of  those  in  NPPs,  and  the  fire  source  will  be 
moderate  sized  hydrocarbon  fires.  The  goal  of  these  tests  is  to  confirm  the  findings 
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of  Benchmark  Exercise  # 1 and  focus  on  the  issues  that  arose  from  that  exercise, 
namely,  the  prediction  of  heat  flux  incident  on  target  cable  trays  and  the  thermal 
response  of  the  target. 

n.  Benchmark  Exercise  # 4,  “Large  Kerosene  Pool  Fires”:  This  benchmark  exercise  will 

entail  blind  simulation  of  large  kerosene  pool  fires  in  a single  compartment.  The  tests 
will  be  sponsored  by  GRS  and  conducted  at  iBMB.  The  goal  of  the  tests  is  to 
develop  basic  data  for  simulating  kerosene  fires  under  different  boundary  conditions, 
and  to  examine  the  ability  to  calculate  the  fire  effects  for  selected  scenarios.  The 
benchmark  exercise  will  focus  on  one  of  the  test  scenarios  in  the  program. 

in.  Benchmark  Exercise  # 5,  “Flame  Spread  in  Cable  Tray  Fires”:  This  benchmark 

exercise  will  entail  simulation  of  cable  tray  fires  and  their  effects  in  a single 
compartment.  The  tests  will  be  sponsored  by  GRS  and  conducted  at  iBMB.  Vertical 
and  horizontal  cable  trays,  different  types  of  cables,  and  degree  of  cable  preheating 
will  be  examined  in  the  test  program.  The  benchmark  exercise  will  focus  on  one  of 
the  test  scenarios  in  the  program. 

rV.  Benchmark  Exercise  # 6,  Target  Heating  in  Divided  Compartments:  This  benchmark 

exercise  will  entail  the  blind  simulation  of  tests  in  the  compartment  used  in 
Benchmark  Exercise  # 3,  but  divided  with  half  walls  to  be  more  representative  of 
NPP  compartments.  The  exercise  will  focus  on  the  effects  of  the  half  walls  on  flow 
and  radiation  shielding  within  the  compartment.  These  tests  will  be  sponsored  by 
NRC  and  conducted  at  NIST. 

V.  Benchmark  Exercise  # 7:  This  benchmark  exercise  will  be  conducted  in  the 

compartment  used  for  Benchmark  Exercises  #s  3 and  6 and  focus  on  examining 
issues  that  are  identified  in  those  exercises  and  require  further  examination.  These 
tests  will  be  sponsored  by  NRC  and  conducted  at  NIST. 
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Appendix  A:  Agenda  for  Meeting 


Agenda 

5^^  Meeting  of  the  International  Collaborative  Fire  Model  Project 

Co-sponsored  by  the  U.S.  Nuclear  Regulatory  Commission,  and  the 
National  Institute  of  Standards  and  Technology, 

U.S.  Department  of  Commerce 

May  2-3,  2002 

National  Institute  of  Standards  and  Technology, 

Gaithersburg,  Maryland,  USA 

Meeting  Co-chairs:  Moni  Dey,  U.S.  NRC  and  Anthony  Hamins,  NIST,  USA 

Meeting  Location:  Lecture  Room  E,  Administration  Building  (101),  NIST,  Gaithersburg, 

Maryland 

May  2.  2002 

8:30-9:50  AM  Session  I:  Opening  Remarks  and  Research  Programs 

Session  Chair:  Anthony  Hamins,  NIST,  USA 
Introductions:  Workshop  Participants 
Opening  Remarks  and  Research  Programs 

1.  “U.S.  NRC  Goals  and  Plans  for  Research  to  Support  Risk-Informed  Regulation,”  Mark 
Cunningham,  Chief,  Probabilistic  Risk  Assessment  Branch,  Office  of  Nuclear  Regulatory 
Research,  U.S.  NRC 

2.  “Mission  and  Programs  at  NIST  for  Building  and  Fire  Research,”  James  Hill,  Deputy 
Director,  Building  and  Fire  Research  Laboratory  (BFRL),  NIST,  USA 

3.  “Summary  of  Ongoing  Projects  at  the  Fire  Research  Division  at  BFRL,  NIST,”  Anthony 
Hamins,  Leader,  Analysis  and  Prediction  Group,  BFRL,  NIST,  USA 

4.  “Future  Fire  Research  at  IPSN:  Selection  and  Identification  of  Fire  Scenarios  and 
Research  Needs,”  Remy  Bertrand,  IPSN,  France 

9:50-10:10  AM  Coffee  Break 

1 0: 1 0- 1 1 :40  AM  Session  II:  Regulatory  Applications  of  Fire  Models 


Discussion  Leader:  Moni  Dey,  U,S.  NRC 


1.  “First  Applications  of  a Quantitative  Fire  Hazard  Analysis  Tool  for  Inspection  in  U.S. 
Commercial  Nuclear  Power  Plants,”  Naeem  Iqbal  and  Mark  Salley,  U.S.  NRC 

2.  “Risk-Informed  Applications  of  Fire  Models,”  Doug  Braudes,  Duke  Power  Company, 
USA 

3.  “EPRI  Fire  Modeling  Project:  A Guide  for  Nuclear  Power  Plant  Applications,”  Bob 
Kassawara,  Bijan  Najafi,  and  Francisco  Joglar-Billoch,  EPRI,  USA 

1 1 :40  AM  - 1 :00  PM  Lunch 

1 :00  - 4:45  PM  Session  III:  Validation  of  Fire  Models 

Discussion  Leader:  Anthony  Hamins,  NIST,  USA 

1.  “Summary  of  Validation  Studies  for  the  FLAMME_S  Code,”  Chantal  Casselman,  IPSN, 
France 

2.  “ Zone  Model  Validation  for  Room  Fire  Scenarios,”  Olavi  Keski-Rahkonen  & Simo 
Hostikka,  VTT,  Finland 

3.  "The  Zone  Fire  Model,  MAGIC  : A Validation  and  Verification  Principle,”  Bernard 
Gautier,  EdF,  France 

4.  “Enhancements  to  the  FIVE  Methodology,  Fred  Mowrer,  UMD,  USA 

Break 

5.  “Zone  Modeling  Theory,  Applications  and  Certainty  - the  Verification  and  Validation  of 
CFAST,”  Walter  Jones,  NIST,  USA 

6.  “CFD  Simulation  of  a 3.5  MW  Oil  Pool  Fire  in  a Nuclear  Power  Plant  Containment 
Building  Using  Multi-block  Large  Eddy  Simulation,”  Jason  Floyd,  NIST,  USA 

7.  “Verification,  Validation,  and  Selected  Applications  of  the  VULCAN  and  FUEGO  Fire 
Field  Models,”  Louis  Gritzo,  SNL,  USA 

4:45-5:30  PM  “NIST  Large  Fire  Facility,”  George  Mulholland,  NIST,  USA 

Presentation  and  tour  of  test  facility. 

7:30  PM  No  Host  Dinner  - Joe^s  Crab  Shack,  Kentlands,  Gaithersburg 

May  3.  2002 

8:30  AM  - 12:00  Noon  Session  IV:  Preliminary  Results  of  Benchmark  Exercise  # 2, 

Part  I,  Evaluation  of  Fire  Models  for  Nuclear  Facility 


Applications:  Pool  Fires  in  Large  Halls 
Discussion  Leader:  Stewart  Miles,  BRE,  UK 


1 . “Specification  of  Benchmark  Exercise  # 2,  Part  I,”  Stewart  Miles,  BRE,  UK 

Preliminary  Results 

Presenter 

Walter  Klein-Hessling,  GRS,  Germany 


Code  Exercised 


2. 


COCOS YS  (lumped 
parameter) 


3. 

4. 

5. 

6. 


CEX  (CFD) 

WPI  Class  Exercise 
CFAST  (zone  model) 
HADCRT  (lumped  parameter) 


Mathias  Heitsch,  GRS,  Germany 
Jonathan  Barnett,  WPI,  USA 
Amber  Martin  and  Alan  Courts,  Westinghouse,  USA 
Boro  Malinovic,  Fauske  Associates,  USA 
12:00-1:00  PM  Lunch 

1 :00-2:30  PM  Session  LV  Continued:  Benchmark  Exercise  # 2 

Discussion  Leader:  Stewart  Miles,  BRE,  UK 
Kevin  McGrattan,  NIST,  USA  FDS  (CFD) 

Stewart  Miles,  BRE,  UK  JASMINE  (CFD),  CFAST 

“Proposal  for  Part  n of  Benchmark  Exercise  # 2,  Stewart  Miles,  BRE,  UK 
Comments  on  Proposal  for  Part  n of  Benchmark  Exercise  # 2,  Workshop  Participants 

Break 

Session  V:  Future  Tasks  and  Benchmark  Exercises 
Discussion  Leader:  Moni  Dey,  U.S.  NRC 

1.  “Detector  Response  Modehng,”  Doug  Beller,  NFPA,  USA 

2.  “A  New  Model  for  the  Time  Lag  of  Smoke  Detectors,”  Olavi  Keski-Rahkonen,  VTT, 


7. 

8. 

9. 

10. 

2:30-2:45  PM 
2:45-4:00  PM 


Finland 

3.  “Proposed  Benchmark  Exercise  for  Cable  Fire  Tests  in  NPP-Type  Compartments,” 
Marina  Rowekamp,  GRS,  Germany 

4.  “Proposed  Benchmark  Exercise  for  Kerosene  Pool  Fire  Tests  in  Containment  Building,” 
Marina  Rowekamp,  GRS,  Germany 

5.  “Challenges  in  use  of  State-of-the-Art  Fire  Modeling  Tools  in  Nuclear  Power  Plant 
Applications,”  Bob  Kassawara,  Bijan  Najafi,  and  Francisco  Joglar-Billoch,  EPRI, 


6. 


“NRC  Plans  for  Fire  Tests  for  Model  Benchmark  Exercises,”  Moni  Dey,  U.S.  NRC 


4:00-5:00  PM 


5:00  PM 
5:00-5:30  PM 


Session  VI:  Task  Scheduling  and  Project  Management 
Discussion  Leader:  Moni  Dey,  US.  NRC 
Workshop  Concludes 

Optional  Tour  of  NIST  Fire  Detector  Laboratory 


All  papers  are  allotted  20  minutes  for  presentation  and  5 minutes  for  discussion. 


Appendix  B:  Specification  of  Benchmark  Exercise  # 2 


International  Collaborative  Project  to  Evaluate  Fire  Models  for 
Nuclear  Power  Plant  Applications 


Specification  for  Benchmark  Exercise  # 2 
Fire  in  a Large  Hall 

Issue  1 - February  2002 


Introduction 

In  October  1999  the  U.S.  Nuclear  Regulatory  Commission  and  the  Society  of  Fire  Protection 
Engineers  organised  a planning  meeting  of  international  experts  and  practitioners  of  fire 
models  to  discuss  the  evaluation  of  numerical  fire  models  for  nuclear  power  plant  applications 
[1].  Following  this  meeting  an  international  collaborative  project  was  set  up  with  a view  to 
sharing  knowledge  and  resources  from  various  organisations  and  to  evaluate  and  Improve  the 
state  of  the  fire  modelling  methods  and  tools  for  use  In  nuclear  power  plant  fire  safety. 

The  first  task  of  the  collaborative  project  was  to  undertake  a benchmark  exercise  to  evaluate 
the  current  capability  of  fire  models  to  analyse  the  hazard  associated  with  cable  tray  fires  of 
redundant  safety  systems  in  nuclear  power  plants.  These  systems  are  required  to  shutdown 
the  reactor  during  an  emergency,  and  when  located  inside  the  same  compartment  must  be 
separated  by  a specified  distance  to  ensure  that  a fire  in  one  system  does  not  cause  the  other 
to  fail  also.  The  exercise  involved  a series  of  hypothetical  scenarios  to  predict  cable  damage 
inside  an  emergency  switchgear  room,  and  were  fairly  tightly  specified  in  respect  of  the  input 
and  modelling  parameters  to  be  used.  Results  and  analyses  were  presented  at  a meeting  at 
EPRI,  California,  In  January  2001 . Due  to  the  size  of  the  room  and  the  nature  of  the  fire 
scenarios,  the  differences  in  the  conclusions  obtained  using  the  various  fire  models  were  not 
significant.  Target  cable  damage  was  predicted  to  be  unlikely  in  almost  all  cases  studied. 

This  document  defines  the  second  benchmark  exercise.  It  has  been  selected  to  challenge  fire 
models  in  respect  to  issues  not  addressed  in  the  first  exercise,  e.g.  effects  of  fire  in  a large 
volume  representative  of,  say,  a turbine  hall.  Furthermore,  it  includes  some  scenarios  for 
which  there  are  unpublished  experimental  measurements,  allowing  comparisons  to  be 
undertaken. 


Objectives  of  Benchmark  Exercise  # 2 

Benchmark  Exercise  # 1 [2]  focussed  on  an  evaluation  of  fire  models  for  predicting  cable 
damage  in  an  emergency  switchgear  room.  A summary  of  the  main  results,  findings  and 
conclusions  is  included  In  the  Technical  Reference  Report  [3]. 

The  main  objectives  taken  Into  consideration  when  selecting  the  second  benchmark  exercise 
were: 

1 . To  examine  scenario(s)  that  provide  a harder  test  for  zone  models,  in  particular  with 
respect  to  fire  spread  in  large  volumes  representative  of,  say,  a turbine  hall. 
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2.  If  possible,  to  make  use  of  experimental  data  to  fulfil  the  requirement  of  more  thoroughly 
testing  the  predictive  capability  of  both  zone  and  CFD  fire  models.  Again,  the  emphasis 
when  selecting  scenarios  was  on  large  smoke  filling  volumes. 


Summary  of  Selected  Scenarios 

Benchmark  Exercise#  2 \s  divided  into  two  parts.  For  the  first  part  there  are  experimental 
measurements  of  temperature  and  velocity  against  which  model  predictions  can  be 
compared.  The  second  part  extends  the  scope  of  the  exercise  to  examine  the  consequence 
of  larger  fires,  but  for  which  there  are  no  experimental  measurements  against  which  to 
compare. 

Part  I includes  three  cases,  based  on  a series  of  full-scale  experiments  inside  a test  hall  with 
dimensions  19  m high  by  27  m long  by  14  m wide  (i.e.  floor  area  378  rrf).  Each  case  involves 
a single  fire  (2  - 4 MW),  and  for  which  there  are  experimental  measurements  of  gas 
temperature  and  doorway  velocity.  The  height  of  a turbine  hall  within  an  NPP  (c.  25  m)  is 
similar  to  that  of  the  test  hall  although  it  is  acknowledged  that  the  area  of  a turbine  hall  (c. 
3500  irf)  Is  much  greater.  However,  the  test  hall  is  one  of  the  largest  enclosures  for  which 
fire  test  data  is  available  for  comparison  with  model  predictions. 

Part  II  includes  three  additional  cases  for  which  experimental  measurements  do  not  exist,  but 
extend  the  scope  of  the  benchmark  exercise  to  examine  the  effect  of  a bigger  fire  and  larger 
floor  area  representative  of  a hydrocarbon  pool  fire  in  a real  turbine  hall.  These  are  optional 
cases  for  participants  to  investigate  if  time  and  resources  allow. 

Although  most  input  parameters  are  defined.  Benchmark  Exercise  # 2 does  in  a few  respects 
involve  a greater  degree  of  user  judgement  in  setting  up  the  problem  compared  to  the  first 
benchmark  exercise.  This  applies  in  particular  to  the  treatment  of  the  sloping  roof  (with  zone 
models)  in  Part  I. 


Scheduled  Activities 

1.  February  2002 

Release  final  version  of  the  problem  definition  for  Benchmark  Exercise  # 2,  to  be  made 
available  from  the  collaborative  project  document  library,  together  with  a summary  of  the 
experimental  measurement  data  analysis  for  the  Part  I cases.  The  released  data  for  Part  I 
will  include  temperatures  at  three  thermocouple  tree  locations,  velocities  in  the  open 
doorways  (case  where  they  are  open)  and  calculated  layer  height  and  upper  layer 
temperature  (derived  from  the  thermocouple  measurements  and  a two-zone  assumption). 

2.  February  to  September  2002 

Participants  to  perform  simulations  of  Part  I,  and  if  time  and  resource  allows.  Part  II. 

3.  May  2002  (5^  project  meeting  at  NIST) 

Participants  invited  to  present  any  preliminary  numerical  predictions  and  analysis  for  Part 
I at  the  5^  project  meeting  at  NIST,  USA.  This  will  provide  an  opportunity  for  those 
participants  who  have  started  work  on  Part  I of  the  benchmark  exercise  to  discuss  their 
initial  results  and  findings. 
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4.  6^  September  2002 

Participants  to  send  to  BRE  their  ’final’  numerical  predictions  for  Parts  I and  II  (if 
undertaken)  in  either  a text  file  or  Excel  spreadsheet.  Participants  should  also  provide  a 
brief  summary  of  the  modelling  assumptions  used  for  each  case  reported.  Guidelines  on 
the  information  required  are  given  in  the  case  descriptions  below. 

5.  October  2002  (6^  project  meeting  at  BRE) 

BRE  to  present  an  overview  of  the  results  based  on  the  information  supplied. 

Participants  to  present  their  results  and  findings  for  Parts  I and  II  (if  undertaker^.  This  will 
follow  a similar  format  to  that  adopted  for  the  first  benchmark  exercise  at  the  3"^  project 
meeting  at  EPRI,  USA. 

6.  December  2002. 

Draft  technical  reference  document  on  the  second  benchmark  exercise  released.  To  be 
compiled  by  BRE  and  including  technical  annexes  from  the  other  participants  as  for  the 
first  technical  reference  document. 
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Part  I - Large  Hall  Tests 


Introduction 

The  three  cases  defined  here  are  based  on  a series  of  full-scale  fire  tests  inside  a large  hall. 

In  each  case  a pool  of  heptane  burned  for  approximately  five  minutes,  during  which  time  gas 
temperatures  were  measured  at  three  thermocouple  columns  and  at  two  thermocouple 
locations  directiy  above  the  fire  source.  In  two  cases  the  hall  was  nominally  closed,  while  for 
the  third  case  a mechanical  extract  system  was  operational  and  two  ‘doorway’  openings  were 
provided. 

For  each  case,  two  tests  were  performed  under  nominally  identical  conditions.  Performing  a 
repeat  test  allowed  the  variation  in  measured  values  due  to  changing  ambient  conditions  (and 
other  factors)  to  be  investigated.  In  all  three  cases  the  repeatability  of  the  measurements  was 
reasonably  good.  The  mass  release  rate  of  fuel  for  each  of  the  three  cases  given  below  is  the 
average  from  the  two  tests  for  that  case. 


Geometry 

Figure  1 shows  the  geometry  of  the  hall,  comprising  a rectangular  space  with  a pitched  roof 
structure  above.  A Cartesian  axis  system  is  defined,  with  the  origin  as  indicated.  All 
dimensions  are  in  metres.  The  four  walls  are  labelled  as  west  (x=0),  east  {x=27  m),  south 
{y=0)  and  north  iy=13.8  m).  Here  the  west  and  easf  walls  known  collectively  as  the  end  walls 
and  the  south  and  north  walls  as  the  side  walls. 

In  cases  1 and  2 there  are  two  open  doorways,  0.8  m wide  by  4 m high,  one  located  in  each 
end  wall.  Both  doorways  open  to  the  external  ambient  environment,  and  are  located  such  that 
the  centre  is  9.3  m from  the  south  wall  {y=9.3  m).  The  doorway  openings  are  labelled  as  the 
wesf  doorway  (door  1)  and  the  easf  doorway  (door  2). 

Figure  2 shows  the  internal  geometry  of  the  test  hall  for  Part  I,  including  the  location  of  the  fire 
source. 

A single  mechanical  exhaust  duct  is  located  in  the  roof  space,  running  along  the  centre  y- 
plane.  It  has  a circular  section  with  a diameter  1 m,  and  opens  horizontally  to  the  hall  at  a 
distance  12  m from  the  floor  and  10.5  m from  the  west  wall  {x=10.5  m). 

Figure  2 shows  the  location  and  dimensions  of  two  obstructions  were  present  inside  the  hall 
during  the  experiments  and  may  have  influenced  the  internal  air  movement.  If  included  in 
simulation  these  should  be  treated  as  simple  rectangular  obstructions.  The  small  circles 
Indicate  the  location  of  the  thermocouples  and  velocity  probes,  which  are  discussed  below. 

Figures  3,  4 and  5 contain  plan,  side  and  end  views  of  the  hall  respectively,  and  should 
further  clarify  the  geometry  and  dimensions. 

Participants  should  decide  for  themselves  how  to  incorporate  the  roof  geometry.  For  a zone 
model  it  might  be  decided  to  set  the  (flat)  ceiling  height  such  that  the  volume  of  the  hall  is 
preserved.  Participants  are  free  to  undertake  a series  of  simulations  using  alternate 
strategies,  and  to  comment  on  the  findings. 


Material  properties 

The  walls  and  celling  consist  of  a 7 mm  {0.001  m)  layer  of  sheet  metal  on  top  of  a 0.05  m 
layer  of  mineral  wool.  The  floor  is  constructed  from  concrete.  Table  1 presents  the  thermal 
properties  of  the  sheet  metal,  mineral  wool  and  concrete  materials. 
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Table  1 Material  properties  for  Part  I 


Material 

Thermal  properties 

conductivity  density  specific  heat 

(J K')  (kg m^)  (J kg^  K^) 

metal  sheet 

54 

7850 

425 

mineral  wool 

0.2 

500 

150 

concrete 

2 

2300 

900 

If  included  by  the  participant,  the  internal  obstructions  can  be  modelled  as  concrete 
(properties  as  given  in  Table  1).  However,  as  the  choice  of  material  properties  for  the  internal 
obstructions  is  not  likely  to  have  an  important  bearing  on  the  numerical  predictions,  the 
obstructions  can  optionally  be  treated  as  adiabatic,  i.e.  no  heat  transfer. 

All  surfaces  are  assumed  to  have  an  emissivity  of  0.95,  i.e.  almost  black  body,  and  a 
convective  heat  transfer  coefficient  of  70  J s*^  m'^  K\ 


Ambient  conditions 

Ambient  pressure  and  temperature  are  101300  N m'^  and  20  °C  respectively. 


Ventiiation  conditions 

Mechanical  exhaust  ventilation  is  operational  for  one  case,  with  a constant  volume  flowrate  of 
7 7 drawn  through  the  7 m diameter  exhaust  duct.  For  this  case  there  are  two  doorway 
openings  as  described  above. 

For  the  other  two  cases  the  mechanical  exhaust  system  does  not  operate  and  the  doors  are 
closed.  Ventilation  is  restricted  to  infiltration  through  the  building  envelope.  Exact  information 
on  air  Infiltration  during  these  tests  is  not  available.  However,  following  discussions  with  the 
scientists  involved  in  the  experiments,  it  is  recommended  that  air  infiltration  be  modelled  by 
including  four  small,  square  openings  to  the  outside  ambient  environment,  each  opening 
having  an  area  0.5  rrf.  For  the  purpose  of  the  benchmark  exercise  it  is  suggested  that  two 
openings  be  located  in  the  east  wall,  one  at  floor  level  and  12  m above  the  floor,  and  two  at 
the  opposite  end  of  the  hall  in  the  wesfwail.  Table  2 shows  the  co-ordinates  of  the  centre  of 
the  four  openings. 

Note  that  air  infiltration  should  be  ignored  in  the  two  cases  with  mechanical  ventilation  and 
doors  open. 
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Table  2 Openings  to  simulate  effect  of  air  infiltration  in  Part  I 


Opening 

Co-ordinates  of  centre 

{0.707m  X 0.707m) 

X 

y 

z 

(m) 

(m) 

(m) 

1 

0 

6.9 

0.354 

2 

0 

6.9 

12 

3 

27 

6.9 

0.354 

4 

27 

6.9 

12 

Fire  Source 

A single  fire  source  was  used  In  each  test,  its  centre  located  16  m from  the  west  wall  and  7.2 
m from  the  south  wall  {x=16  m,  y=7.2  m)  as  indicated  in  Figure  2.  For  all  tests  heptane  was 
burned  on  top  of  water  In  a circular,  steel  tray.  The  fuel  surface  was  1 m above  the  floor.  Two 
tray  diameters  were  used,  1.17  m for  one  case  and  1.6  m for  the  other  two.  The  trays  were 
placed  on  load  cells,  and  the  mass  release  rate  then  calculated  from  the  time  derivative  of  the 
load  cell  weight  readings. 

For  the  three  cases  defined  below  the  fuel  mass  release  rate  (m^ ) is  provided  as  an  input 
parameter.  The  choice  of  combustion  mechanism  Is  left  to  the  participant.  However,  it  is 
suggested  that  the  fuel  rate  of  heat  release  be  modelled  as 

Qf=Xmf^c 


Here  the  heat  of  combustion  {AH^  is  taken  as  44.6x1  (f  J kg  \ The  recommended  combustion 
efficiency  value  of  0.8  may  be  interpreted  also  as  a radiative  fraction  of  0.2.  For  the 
purpose  of  the  benchmark  exercise,  it  is  suggested  that  as  in  the  first  benchmark  exercise  a 
value  of  12%  be  assigned  to  the  lower  oxygen  limit  parameter  in  those  combustion  models 
that  make  use  of  it.  However,  participants  are  encouraged  to  investigate  other  values  if  they 
believe  this  to  be  important. 


Instrumentation 

Data  was  obtained  from  the  instrumentation  described  below,  against  which  numerical 

predictions  can  be  compared: 

1 . Three  vertical  thermocouple  trees,  located  as  shown  in  Figure  6,  on  the  centre  y-plane  at 
distances  1.5  m,  6.5  m and  20.5  m from  the  west  wall.  The  vertical  distribution  of 
thermocouples,  the  same  for  all  three  trees,  is  shown  in  Figure  7.  Individual 
thermocouples  are  labelled  as  shown  in  Figure  7,  where  72.5,  for  example,  refers  to  the 
fifth  thermocouple  on  tree  number  2.  Each  thermocouple  was  a 0.1  mm  K-type.  Note  that 
the  readings  from  these  thermocouples  were  used  to  calculate  a layer  height  and  upper 
layer  temperature  as  described  below. 

2.  Two  horizontal  thermocouple  grids  centred  directly  above  the  fire  source  at  a height  of  7 
m and  13  m.  Both  grids  consisted  of  nine  0.5  mm  K-type  thermocouples  arranged  in  a 3 
by  3 array.  However,  for  the  benchmark  exercise  attention  is  focussed  only  at  the  centre 
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thermocouple  at  each  height,  directly  above  the  centre  of  the  fire  tray.  These  are  labelled 
as  TG.  1 and  TG.2  in  Figure  7. 

3.  For  the  case  with  mechanical  ventilation  and  open  doorways,  a vertical  column  of  bi- 
directional probes  to  measure  gas  velocity  was  located  in  each  doorway  opening.  Each 
column  contained  three  probes  located  on  the  vertical  centre-line  of  the  opening  at  the 
heights  shown  in  Figure  7.  Note  that  a positive  value  indicated  flow  from  the  outside  to 
the  Inside  of  the  hall.  The  velocity  measurements  may  be  used  to  estimate  the  net  flow  of 
air  through  the  opening. 


Two-layer  data  reduction 

A two-layer  zone  model  will  predict  upper  and  lower  layer  properties,  and  the  height  of  the 
interface  separating  the  layers.  Therefore,  to  make  comparisons  between  experimental 
measurements  and  zone  model  predictions,  the  thermocouple  data  must  be  reduced  in  some 
way. 

Participants  will  be  provided  with  the  measurement  data  for  all  thermocouple  locations,  and 
will  be  free  to  make  their  own  data  reduction  to  generate  upper/lower  layer  and  interface 
height  ‘measurements’.  However,  the  method  described  below  will  be  used  as  a ‘baseline’ 
method  and  the  resultant  layer  values  will  be  provided  along  with  the  ’raw’  measurement  data. 

Furthermore,  participants  using  CFD  and  network  models  will  be  invited  to  calculate  ‘upper 
layer’  and  ‘lower  layer’  temperatures  and  an  ‘interface  height’  for  comparison  against  zone 
model  predictions.  For  consistency,  the  method  described  below,  based  on  predictions  of 
temperature  at  the  thermocouple  tree  locations,  should  be  used.  If  they  wish,  participants 
may  in  addition  use  their  own  methods  for  calculating  ‘upper  layer’  and  ‘lower  layer’ 
temperatures  and  an  ‘interface  height’  (and  should  document  these  methods). 


Laver  temperature  and  interface  calculation 

The  one-dimensional  analytical  method  presented  here  allows  an  upper  layer  temperature 
(Tup),  lower  layer  temperature  (Tiow)  and  interface  height  (z/h,)  to  be  calculated  given  a discrete 
set  of  temperatures  (T)  at  heights  above  floor  level  (z/),  i=1,N. 

Consider  a continuous  function  T(z)  defining  temperature  as  a function  of  height  z,  from  0 
(floor  level)  to  H (ceiling). 
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(H-z^y 


(3) 


Algebra  then  gives 


Tu^ihh-H") 


(4) 


Here,  Tiow  is  taken  as  the  temperature  at  the  lowest  discrete  measurement  location  (Tj)  and 
/,,/2are  calculated  from  the  discrete  data  set  using  a quadrature  rule,  e.g.  Simpsons  Rule.  Tup 
is  then  calculated  by  applying  the  mean  value  theorem  over  the  interval  z=Zint  to  z=H 


(5) 


In  reducing  the  thermocouple  tree  data  it  is  proposed  that  the  average  of  the  three  values 
(one  from  each  tree)  is  taken  at  each  distance  above  the  floor. 


Exercises 

The  three  cases  to  be  simulated  are  summarised  below.  Details  of  geometry,  material 
properties,  ambient  conditions,  ventilation  rates  and  instrumentation  are  as  defined  above. 
The  specifications  given  here  represent  the  ‘baseline’  scenarios.  Participants  are  invited  to 
perform  study  variations  on  these  cases  in  order  to  gain  insight  into  the  performance  of  the 
fire  models  used.  However,  the  three  ‘baseline’  cases  should  be  given  priority,  and 
furthermore  case  1 should  be  given  highest  priority. 

The  fire  source  should  be  taken  as  pure  heptane,  located  as  described  above.  For  case  1 the 
pool  diameter  is  1.17m  while  for  cases  2 and  3 it  is  1.6  m.  Table  3 defines  the  fuel  mass 
release  rate  for  each  case  at  discrete  times  in  minutes.  A piecewise  linear  polynomial  should 
be  assumed,  i.e.  interpolate  linearly  between  the  given  points. 

Table  4 summarises  the  ventilation  conditions  for  the  three  cases.  Natural  leakage  should  be 
modelled  as  described  above. 

Each  case  should  be  modelled  for  the  duration  of  the  fire,  assuming  the  fire  to  have  stopped 
after  the  last  entry  in  Table  3,  i.e.  7.5  minutes  of  case  1,  7 minutes  for  case  2 and  6 minutes 
for  case  3. 
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Table  3 


Fuel  mass  release  rates  for  Part  I 


Case  1 


t (min) 

dm/dt  (kg  s'^) 

0 

0 

0.22 

0.033 

1.5 

0.045 

4.8 

0.049 

5.45 

0.047 

6.82 

0.036 

7.3 

0 

Case  2 


t (min) 

dm/dt  (kg  s'^) 

0 

0 

0.23 

0.057 

0.5 

0.067 

1.52 

0.081 

3.22 

0.086 

4.7 

0.083 

5.67 

0.072 

6.2 

0.06 

6.58 

0 

Case  3 


t (min) 

dm/dt  (kg  s'^) 

0 

0 

0.22 

0.064 

1.05 

0.084 

2.77 

0.095 

4.27 

0.096 

4.87 

0.091 

5.5 

0.07 

5.75 

0 

Table  4 Ventilation  conditions  for  Part  I 


Case  1 

Case  2 

Case  3 

doors  closed 

doors  closed 

doors  open  {0.8  mx  4m) 

no  mech.  exhaust 

no  mech.  exhaust 

mech.  exhaust  {11  m^  s'^) 

natural  leakage 

natural  leakage 

ignore  natural  leakage 

Reporting  procedure 

The  reporting  schedule  is  summarised  in  the  Scheduled  Activities  above.  This  section 
documents  the  format  to  be  adopted  when  submitting  predictions  to  BRE  in  September  2002. 

Participants  should  submit  data  in  either  a text  file  or  Excel  spreadsheet,  and  also  summarise 
their  findings  and  modelling  assumptions. 

The  ’raw*  prediction  data  at  each  reported  time  will  occupy  a single  record  (text  file)  or  row 
(spreadsheet),  with  each  quantity  (e.g.  layer  height)  occupying  one  field  (text  file)  or  column 
(spreadsheet).  While  the  first  field  or  column  should  be  the  time  value,  the  ordering  of  the 
remaining  fields/columns  is  left  to  the  participant.  However,  each  field/column  should  be 
clearly  labelled  and  the  units  stated.  Numbers  may  be  formatted  as  deemed  appropriate,  e.g. 
fixed  number  of  decimal  places,  scientific  notation  (1 .5e+2),  etc.  As  a hypothetical  example, 
part  of  a text  file  format  might  appear  as  below. 
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Time  ( s ) 

Tl.l(C) 

Tl.lO (C) 

VI . 1 (m/s ) 

Layer  height (m) 

0. 

0. 

0. 

in 

o 

o 

1 

19. 

10. 

0. 

0.2 

-0.06 

19. 

30. 

0.1 

2.8 

1.1 

16. 

It  is  suggested  that  results  be  reported  at  1 0-second  intervals.  However,  this  is  a guideline 
only  and  not  a formal  requirement  (sufficient  points  to  produce  representative  graphs  is  the 
minimum  requirement). 

Table  5 includes  a list  of  suggested  variables  to  be  reported  for  zone  and  CFD  models 
(acknowledging  that  for  network  models  the  number  of  reported  variables  will  be  somewhere 
in  between).  If  a fire  model  does  not  output  a particular  variable,  then  the  participant  should 
ignore  it.  The  number  of  variables  to  be  reported  depends  In  part  on  the  fire  model,  with  CFD 
models  allowing  for  a greater  number  of  outputs.  Participants  are  free  to  include  other 
variables  that  they  consider  important. 

In  addition  to  the  tabulated  results,  participants  are  asked  to  summarise  the  main  modelling 
assumptions  and  inputs  used.  This  will  include  a short  summary  on  the  following  topics  at 
least  (one  or  two  paragraphs  on  each  topic); 

■ Heat  release  (combustion)  mechanism.  This  could  be  a combustion  model  or  a simple 
heat  release  source  term.  Issues  such  as  the  lower  oxygen  limit  should  be  reported. 

■ Radiation  treatment  (if  included.  Important  issues  may  include  the  treatment  radiation 
transfer  to  solid  surfaces,  the  absorption/emission  in  the  gas  phase  and  radiation  from 
soot  plume. 

■ The  zonal  approximations  used  and  main  empirical  correlations  (in  the  case  of  a zone 
model). 

■ The  number  of  control  volumes  or  elements  (in  the  case  of  a CFD  model),  or  equivalently 
the  number  of  network  elements  (in  the  case  of  a network  model). 

■ The  turbulence  model  (in  the  case  of  a CFD  model). 

■ Roof  geometry  assumptions  (this  relates  mainly  to  zone  models). 


Specification  for  Benchmark  Exercise  # 2 


B-10 


February  2002 


Table  5 Reported  variables  for  Part  I 


Zone 

CFD 

Heat  release  rate  of  fire 

Interface  height 

Upper  layer  temperature 

Temperatures  at  thermocouple  trees 

(T1 .1 T1 .1 0,T2.1  ,...,T2.1 0,T3.1 T3.1 0) 

Temperatures  at  plume  thermocouples 

(TG1.1  &TG.2) 

Infiltration  flow  rate  (cases  i & 2) 

Infiltration  flow  rate  (cases  1 & 2) 

Mass  flow  rate  in/out  door  1 (case  3) 

Mass  flow  rate  in/out  door  1 (case  3) 

Mass  flow  rate  in/out  door  2 (case  3) 

Mass  flow  rate  in/out  door  2 (case  3) 

Total  heat  loss  rate  to  solid  boundaries 

Heat  loss  through  mech.  exhaust  (case  3) 

Plume  temperature 

Velocities  at  the  two  doorways  (case3) 

(VI. 1 V1.3,V2.1,...,V2.3) 

Total  heat  loss  rate  to  solid  boundaries 

Heat  loss  through  mech.  exhaust  (case  3) 

Interface  height 

(using  reduction  of  thermocouple  tree  data) 

Upper  layer  temperature 
(using  reduction  of  themnocouple  tree  data) 

Total  heat  release  rate 

(within  whole  hall) 
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Part  II  - Extended  NPP  Scenarios 


Introduction 

Part  II  has  been  added  as  an  optional  extension  to  the  benchmark  exercise.  It  includes  three 
scenario  cases  inside  a rectangular  building  with  dimensions  comparable  to  those  of  a real 
turbine  hall.  The  fire  size  has  been  chosen  to  produce  temperatures  that  may  be  capable  of 
damaging  equipment  or  cables. 

As  in  Part  I mechanical  exhaust  is  specified  in  a sub-set  of  cases.  Targets  have  been  added 
to  Part  II  to  allow  the  onset  of  damage  to  be  studied. 


Geometry 

Figure  8 shows  the  geometry  and  dimensions  of  the  building,  which  are  comparable  to  those 
of  a real  turbine  hall.  For  the  benchmark  exercise  there  is  a doorway  opening  in  the  west  wall 
and  at  the  opposite  location  in  the  east  wall. 


Material  properties 

To  simplify  the  modelling  task,  assume  the  floor,  walls  and  ceiling  to  be  constructed  from 
concrete,  with  the  thermal  properties  as  given  in  Tabie  1 , and  a thickness  of  0. 15  m.  Again, 
assume  an  emissivity  of  0.95  and  a convective  heat  transfer  coefficient  of  10  J s'^  K\ 


Ambient  conditions 

As  specified  for  Part  I. 


Ventilation  conditions 

Ventilation  is  provided  in  all  three  cases  through  a doorway  opening  in  the  west  and  east 
walls  as  shown  in  Figure  8.  In  two  cases  both  openings  have  dimensions  1 m wide  by  4 m 
high,  while  for  the  third  case  the  openings  are  4 m square.  Figure  9 shows  the  location  and 
dimensions  of  the  doorway  opening  more  clearly.  The  dashed  line  indicates  the  location  of  the 
larger  square  doorway  in  the  third  case. 

In  two  cases  there  is  mechanical  exhaust  through  1 2 vents  at  ceiling  level.  Each  vent  is 
square  with  dimension  1 m.  Figure  8 shows  the  location  of  the  12  vents. 


Fire  Source 

For  all  cases,  heptane  is  burned  in  a square,  4 m by  4 m,  tray  such  that  the  surface  of  the  fuel 
is  f m above  the  floor.  The  fire  is  located  centrally  inside  the  hall  as  indicated  in  Figure  1 0. 
Fuel  and  combustion  properties  are  as  specified  for  Part  I. 

The  mass  release  rate  of  the  pool  fire  {rhy)  grows  from  zero  to  a steady  value  1.55  kg  s'^ 
(derived  from  published  data  for  heptane  pool  fires  [4])  as  follows, 
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Here  t is  the  time  in  seconds  from  the  start  of  the  fire,  and  or  is  a constant  with  value 
5.325x10'^  kg  s^.  This  value  is  derived  from  an  assumed  NFPA  ultra  fast  t-squared  growing 
fire  [5].  Equation  (6)  defines  the  mass  release  rate  for  the  first  nine  minutes,  at  which  time  it 
reaches  the  steady  value  1.55  kg  s’’  which  is  maintained  for  the  next  1 1 minutes  (giving  20 
minutes  total  duration). 


Targets 

To  make  Part  II  relevant  to  practical  applications  three  cable  targets  have  been  introduced, 
similarly  to  the  first  benchmark  exercise.  Each  cable  is  a 50  mm  (0.05  m)  diameter  power 
cable,  assumed  to  consist  entirely  of  PVC.  The  thermal  properties  of  the  cable  material  are 
the  same  as  in  the  first  benchmark  exercise,  repeated  below  in  Table  6. 


Table  6 Material  properties  for  cabie  targets 


conductivity 

density 

specific  heat 

emissivity 

convective  htc 

(Js’nf'  K') 

(kgm'^) 

(Jkg'  K’) 

(Js^  m'^K^) 

0.092 

1710 

1040 

0.8 

10 

A structural  beam  target  is  included  also.  To  simplify  the  modelling,  this  is  approximated  as  a 
horizontally  orientated  rectangular  slab  of  steel  with  cross-sectional  dimensions  of  0. 15  m 
wide  and  0.006  m thick.  Table  7 provides  the  material  properties  to  be  assumed  for  the  steel 
’beam’  target,  where  the  conductivity,  density  and  specific  heat  correspond  to  steel  (0.5% 
carbon)  at  20  °C  [6].  It  is  assumed  for  the  purpose  of  this  exercise  that  property  values  are 
temperature  independent.  A damage  temperature  of  538  °C  is  assumed. 


Table  7 Material  properties  for  ’beam’  target 


conductivity 

density 

specific  heat 

emissivity 

convective  htc 

CJs  'm  ’ K’) 

(kgm'^) 

(Jkg'  K’) 

54 

7833 

465 

0.8 

10 

Figures  9 and  10  show  the  locations  of  the  three  cable  targets  and  the  ’beam’  target.  The 
cables  extend  the  full  length  of  the  hall  (x  direction),  and  the  ’beam’  extends  the  full  width  (y 
direction).  The  centre-lines  of  the  three  cables  are  1 m from  the  south  wall,  and  9 m,  15  m 
and  19  m above  the  floor  respectively.  The  ’beam’  centre-line  is  midway  across  the  width  of 
the  hall  and  0.5  m below  the  ceiling. 


Internal  ceiling 

For  the  exercises  described  below,  an  internal  ceiling  has  been  added  for  some  cases, 
effectively  dividing  the  turbine  hall  into  two  levels.  This  makes  the  geometry  more 
representative  of  a ’real-life’  situation. 

It  is  assumed  that  the  internal  ceiling  is  located  10  m above  ground  level  and  again 
constructed  from  0.75  m thick  concrete  (material  properties  as  given  in  Table  1).  Furthermore, 
there  is  a hatch  opening  with  dimensions  70  m by  5 m within  the  Internal  ceiling,  providing  a 
connection  between  the  lower  and  upper  levels.  Figure  1 1 shows  the  location  of  the  internal 
ceiling  and  hatch  opening. 
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Exercises 


The  exercises  are  divided  into  two  groups  of  three,  where  there  the  first  group  (cases  1a,  2a 
and  3a)  does  not  include  the  internal  ceiling  (i.e.  a single  compartment),  and  the  second 
group  (cases  1b,  2b  and  3b)  includes  the  internal  ceiling  (i.e.  two  compartments)  and  the 
hatch  opening. 

The  cases  to  be  simulated  are  summarised  below  in  Table  8.  Note  that  case  1b  Is  the  same 
as  case  la  but  with  the  addition  of  the  internal  ceiling,  and  likewise  for  the  other  cases.  Each 
case  lasts  for  20  minutes,  or  until  the  participant  decides  there  is  no  need  to  proceed  further, 
e.g.  the  cables  and  ’beam’  are  damaged. 

Case  1 takes  highest  priority  in  both  the  ’a’  and  ’b’  groups.  While  the  cases  with  the  Internal 
ceiling  are  perhaps  the  more  interesting,  and  arguably  warrant  priority,  it  is  acknowledged  that 
these  are  more  complex  to  model  and  so  participants  are  free  to  concentrate  on  the  ’simpleri 
single  compartment  cases  if  preferred. 


Table  8 Cases  for  Part  li 


Case  la 

Case  2a 

1m  X 4m  doorway  openings 

no  mechanical  exhaust  ventilation 

1m  X 4m  doorway  openings 

16  m^  s'^  mechanical  exhaust  ventilation 
(divided  evenly  between  the  8 vents) 

Case  3a 

Cases  1 b,  2b  and  3b 

4m  X 4m  doorway  openings 

60  m^  s'^  mechanical  exhaust  ventilation 
(divided  evenly  between  the  8 vents) 

As  for  cases  la,  2a  and  3a,  but  with 
addition  of  the  internal  ceiling  partition, 
dividing  the  volume  into  two  levels 

Reporting  procedure 

Predictions  should  be  reported  in  September  at  the  same  time  as  for  Part  I. 


Cases  la.  2a  and  3a 

The  format  and  variables  for  group  ‘at  cases  (single  compartment)  are  as  for  Part  I,  with  the 

following  additions  or  amendments: 

■ The  three  vertical  thermocouple  trees  are  at  the  locations  shown  in  Figure  1 0.  These  are 
of  relevance  to  CFD  models,  where  it  is  requested  that  gas  temperatures  be  provided  at 
1 -meter  intervals  in  height  (labelling  the  locations  T1.1  -T1.19  etc  similarly  to  that  done 
for  Part  I). 

■ As  for  Part  I,  the  gas  temperature  directly  above  the  fire  is  requested  at  two  locations 
(CFD  models),  but  now  at  heights  9 m and  19  m. 

■ Three  doorway  velocities  should  again  be  considered  at  0.5  m,  1 m and  3.5  m height,  on 
the  vertical  centre  line  of  each  opening. 
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The  total  heat  loss  through  the  doorway  opening  should  be  provided  if  possible. 


■ Upper  and  lower  layer  oxygen  concentration  should  be  provided  in  the  case  of  zone 
models.  For  CFD  models  the  oxygen  concentration  at  the  thermocouple  tree  locations 
should  be  provided. 

■ For  each  cable  target  and  the  ‘beam’  target  the  following  should  be  provided,  where 
possible,  at  each  reported  time: 

=>  maximum  incident  flux 

=>  maximum  surface  temperature 

=>  maximum  centre-line  temperature 

Here  the  maximum  refers  to  the  maximum  along  the  length  of  the  cable  or  ‘beam'.  If  they 
wish,  participants  may  provide  the  values  at  the  mid-point  (i.e.  at  x=40  m for  the  cables 
and  y=20m  for  the  ‘beam’)  allowing  a simpler  conduction  modelling  approach  to  be  used. 

Participants  should  provide  comments  on  the  likelihood  of  damage  to  the  targets,  and  if  so  at 
what  time  into  the  fire  the  damage  occurs. 


Cases  1b.  2b  and  3b 

The  reporting  procedure  is  as  for  the  group  ‘a’  cases  above,  except  that  the  two  levels  should 
be  accounted  for.  This  means  that  interface  heights  and  upper  layer  temperatures  should  be 
provided  for  each  level  (compartment).  Furthermore,  the  transfer  of  mass  and  heat  through 
the  hatch  opening  should  be  reported. 

Where  gas  temperatures  are  reported,  these  should  be  at  the  same  locations  as  for  the  group 
‘a’  cases  (except  that  there  is  no  temperature  at  locations  T1. 10  and  T2. 10  because  of  the 
presence  of  the  internal  ceiling,  and  so  a blank  entry  should  be  provided  for  this  location). 
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Figure  1 Hall  and  doorway  dimensions  for  Part  ( 
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Figure  2 Internal  geometry  for  Part  I 
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Figure  3 Plan  view  for  Part  I 
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Figure  4 Side  view  for  Part  I 
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Figure  5 End  view  for  Part  I 
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thermocouple  tree  3 


Figure  6 Experimental  instrumentation  for  Part  I 
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mechanical  vent  (Im  x Im  square) 


Figure  8 Geometry  for  Part  II 
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Figure  10 


Plan  view  for  Part  II 
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Figure  1 1 Internal  ceiling  partition  and  hatch  for  Part  II  cases  1b,  2b  and  3b 
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FIRE  SAFETY  RESEARCH  AT  NIST 
Anthony  Hamins 

Building  and  Fire  Research  Laboratory  (http://www.bfrLnist.gov/) 

National  Institute  of  Standards  and  Technology 
Gaithersburg,  MD  20899 

The  Fire  Research  Division  is  one  of  four  Divisions  in  the  Building  and  Fire  Research 
Laboratory  (BFRL)  at  the  National  Institute  of  Standards  and  Technology  (NIST).  The 
Division  is  composed  of  approximately  58  full  time  employees,  25  Guest  Scientists  and 
several  post-doctoral  associates.  The  technical  background  of  the  staff  includes 
engineering,  mathematics,  chemistry,  and  physics.  The  Fire  Research  Division  Budget  in 
2002  was  approximately  $13  M,  with  half  of  the  support  coming  from  government 
agencies  and  private  industry.  The  goal  of  Fire  Loss  Reduction  is  one  of  four  technical 
research  areas  in  BFRL.  The  intent  of  this  research  is  to  provide  engineered  fire  safety 
for  people,  products,  facilities  and  enhanced  firefighter  effectiveness.  The  goal  is  broken 
into  the  four  component  programs  described  below. 

The  objective  of  the  first  component  program  is  to  eliminate  the  risk  of  flashover  cost- 
effectively  by  enabling  1)  new/improved  materials  whose  fire  resistance  does  not 
negatively  impact  performance,  cost,  or  the  environment;  2)  early  and  certain  fire  and 
environment  sensing;  and  3)  automatic  fire  suppression  technologies  compatible  with 
occupants  and  the  environment.  Flashover  is  the  dramatic  and  sudden  transition  from  a 
relatively  small,  slowly  developing  fire  to  a much  larger  and  dangerous  fire  in  which  all 
flammable  surfaces  within  the  enclosure  are  involved.  Flashover  is  generally 
accompanied  by  a significant  increase  in  the  heat  release  rate,  extension  of  flames  out 
open  doors  and  windows,  and  a dramatic  increase  in  the  production  of  toxic  fire  products. 

Fire  statistics  do  not  report  directly  the  occurrence  of  flashover.  Estimates  based  on  the 
extent  of  fire  damage  indicate  that  roughly  30  % of  reported  fires  transition  to  flashover 
and  that  these  were  responsible  for  80  % of  fires  deaths  and  property  damage  in  buildings 
in  1999.  Reducing  the  risk  of  flashover  offers  an  opportunity  to  significantly  reduce  the 
high  human  and  property  costs  of  fire.  Means  exist  to  prevent  flashover:  e.g.,  by  having  a 
fire  fighter  always  on  the  scene,  by  installing  sprinklers,  or  by  limiting  the  contents  of  the 
room. 

The  problem  is  that  these  means  of  prevention  lack  public  acceptance  because  they  are 
not  affordable,  reliable,  flexible,  and/or  predictable.  Standard  test  methods  are  generally 
not  applicable  to  new  technologies,  and  models  for  fire  growth  on  realistic  objects  do  not 
yet  exist.  The  lack  of  effective  fire  spread  and  growth  models  is  recognized  as  a major 
obstacle  to  the  implementation  of  performance-based  codes.  A major  impediment  to 
efforts  to  reduce  the  risk  of  flashover  is  insufficient  understanding  of  fire  growth  and 
spread  on  room  contents.  The  unavailability  of  appropriate  fire  growth  and  spread  models 
is  a serious  roadblock  to  the  implementation  of  performance-based  fire  standards.  A 
substantial  effort  is  being  undertaken  to  improve  the  experimental  and  theoretical 
understanding  of  fire  growth  and  spread  within  enclosures,  with  the  goal  of  developing  a 
modeling  capability  for  real-world  room  contents  that  can  be  reliably  used  for  fire  safety 


engineering,  product  design,  and  materials  assessment.  BFRL  has  made  significant 
progress  in  cost-effective  approaches  that  reduce  the  flammability  of  polymers  while 
improving  or  maintaining  physical  characteristics.  Introduction  of  these  materials  into  the 
market  will  accelerate  fire  safety.  Active  measures  to  limit  fire  growth  require  reliable 
early  fire  detection  and  effective  suppression  approaches.  As  an  example,  elimination  of 
false  alarms  would  allow  detector  systems  to  be  wired  directly  to  the  fire  fighting  service, 
which,  in  turn,  would  reduce  the  response  time  to  a fire.  Directed  research  designed  to 
enhance  fire  detector  sensitivity  while  reducing  the  number  of  false  alarms  and  to 
improve  suppression  effectiveness  are  being  carried  out.  Component  projects  include: 

• Real-scale  specification  and  testing 

• Flame  radiation 

• Early,  fault-free  detection 

• Flammability  measures  for  electronic  equipment 

• Micro-scale  high  throughput  optimization  of  flame  retarded  polymers 

• Bench-scale  high  throughput  flame  retardancy  measures 

The  objective  of  the  second  component  program  is  to  enhance  fire  fighter  safety  and 
effectiveness  through  research  and  help  achieve  a 50%  reduction  in  line-of-duty  fatalities 
and  bum  injuries  in  the  United  States  by  2012.  Fire  fighting  operations  proceed  with  very 
limited  information  about  the  extent  of  fire  involvement,  structure  safety,  hazards,  and 
even  the  location  of  fire  fighters.  To  be  safer  and  more  effective,  incident  commanders 
and  fire  fighters  need  access  to  reliable  and  timely  information  regarding  fire  conditions, 
developing  hazards,  and  the  location  and  condition  of  resources.  Efforts  are  underway  to 
explore  new  technology  for  protective  clothing,  wireless  transfer  of  information  from  fire 
alarm  systems,  evaluation  of  performance  of  thermal  imagers  and  exploring  the  use  of 
thermal  imagers  for  hazard  sensing,  acoustic  sensing  of  weak  roof  stmctures,  and 
capabilities  of  durable  agents  to  protect  stmctures  from  external  fires.  Component 
projects  are: 

• Developing  a heat  transfer  model  for  fire  fighter  protective  clothing  under  wet  and 
dry  conditions  with  associated  material  property  database,  which  will  be  assembled 
into  an  effective  training  tool  and  software  to  assist  in  design. 

• Working  with  a fire  alarm  manufacturers  and  the  BFRL  effort  in  Cybernetic 
Buildings,  wireless  means  to  deliver  timely  emergency  information  about  conditions 
inside  of  buildings  and  predictions  of  developing  hazards  to  first  responders  before 
they  arrive  at  the  scene  is  being  demonstrated. 

• The  capabilities  and  limitations  of  the  current  generation  of  thermal  imagers. 

• A fundamentally  based  computational  model  is  being  developed  to  predict  major 
features  of  the  interaction  of  stmctures  with  wind-driven  fires  utilizing  FDS. 

• The  capabilities  of  acoustic  sensing  to  determine  weakness  in  roof  stmctures. 

• Nano-particles  added  to  polymer  gels  used  to  protect  external  stmctures  against  fire 
have  been  shown  in  laboratory  scale  experiments  to  greatly  increase  the  durability  of 
the  gel.  Based  upon  work  completed  last  year  in  a grant,  a standard  method  to 
determine  the  performance  in  full  scale  will  be  investigated  to  allow  durable  agents 
with  different  nano-particle  formulations  to  be  evaluated. 

• To  aid  the  fire  services  in  keeping  abreast  of  developments  in  research,  information 
on  fire  service  related  research  is  being  distributed  electronically. 
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The  objective  of  the  third  component  program  is  to  lead  the  world  in  fire 
measurement  and  predictive  methods,  enabling  engineered  fire  safety  for  people, 
products,  facilities,  and  first  responders.  Engineering  correlations  developed  through 
fire  testing  over  the  past  25  years  have  improved  fire  codes  and  technologies  in  the 
U.S.  and  produced  a slow  decline  in  the  number  of  deaths  and  injuries  due  to 
unwanted  fires;  however,  the  total  economic  burden  of  fire  in  the  U.S.  continues  to 
rise.  To  counteract  these  losses,  new  fire  safety  technologies  and  performance-based 
codes  are  needed  that  can  only  be  achieved  by  a higher  level  of  understanding  of  the 
dynamics  of  fire,  and  more  certain  measurement  methods.  Component  projects 
include: 

• basic  research  on  the  physics  of  fire  to  improve  our  knowledge  and  capabilities  in 
quantitative  methods  in  heat  release  rate,  heat  flux  (including  spectral  and  total 
radiation),  room  flows,  soot/smoke,  and  water  sprays. 

• advanced  instmmentation  with  emphasis  on  measurement  accuracy,  precision, 
and  interpretation  of  measurements  through  models  and  analysis 

• mass  and  heat  transport  phenomena  involving  gas  phase  and  condensed  phase 
processes  and  their  interaction 

• gas  phase  model  enhancement  - radiation  submodel,  boundary  layer  submodel, 
water  spray  submodel,  flow  boundary  sensitivity,  experimental  validation 

• combustion  submodel  development  - pyrolysis  submodel,  soot 
formation/destruction  submodel,  experimental  validation 

• building  structure  fire  model  enhancement  - real-scale  fire  validating 
demonstrations,  HV AC/smoke  flows 

• expanded  numerical  simulations  and  computational  fluid  dynamics  models  of 
transport  processes  to  encompass  higher  accuracy  radiation,  droplet  and  sprays 
models  and  semi-empirical  sub-models  of  phenomena  at  the  fuel/flame  interface 

• a Large  Fire  Laboratory  (LFL)  with  advanced  measurement  capabilities  that 
promote  the  understanding  of  full  and  reduced-scale  fire  phenomena 

• reference  data  for  model  input  against  which  predictions  can  be  compared  and 
validated  and  made  available  electronically  to  the  fire  community 

• tools  and  knowledge  that  enable  the  implementation  of  performance  based  fire 
codes,  allow  assessment  of  key  test  methods  and  address  international  barriers  to 
standards  and  the  role  of  uncertainty  in  regulations. 

• transfer  of  BFRL  research  results  to  industry  as  well  as  to  organizations  that 
create  fire  standards  and  codes. 

• guidance  to  U.S.  fire  testing  laboratories  to  identify  and  address  research  needs. 

• FRIS  as  the  source  of  easily-accessible  fire  information  and  data. 

The  objective  of  the  fourth  component  program  is  to  investigate  the  building 
construction,  the  materials  used,  and  the  technical  conditions  that  combined  to  cause 
the  World  Trade  Center  (WTC)  disaster.  This  work  is  under  planning  and  will  serve 
as  the  basis  for  improvements  in  the  way  buildings  are  designed,  constructed,  and 
used;  improved  tools,  guidance  for  industry  and  safety  officials,  revisions  to  codes 
and  standards,  and  improved  public  safety. 
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Future  Fire  Research  in  IRSN 

R.  BERTRAND 

Institut  de  Radioprotection  et  de  Surete  Nucleaire  (IRSN) 

This  presentation  indicates  first  the  IRSN  strategy  related  to  the  fire  research.  Then  the 
dominant  fire  scenarios  that  can  occur  in  the  French  NPP  and  that  need  data  from 
research  to  be  assessed  are  presented.  At  last,  IRSN  needs  in  fire  research  are  indicated. 

Strategy  of  IRSN  in  fire  research:  The  axes  of  research  are  mainly  defined  according  to 
the  safety  assessment  issues.  The  tight  connection  between  expertise  and  research 
inside  IRSN  as  well  as  the  dialogue  between  utilities  (such  as  COGEMA)  and  IRSN  allow 
to  fix  clearly  the  priorities  and  the  purposes  of  the  research  programs. 

The  research  is  divided  into  two  complementary  parts  : experimental  tests  and  modelling. 
The  strong  connection  between  the  experiments  and  the  modelling  allows  to  develop  and 
to  assess  the  computer  codes  used  to  realise  fire  safety  assessment.  Two  modelling 
approaches  are  developed:  a simplified  and  empirical  approach  for  fast  and  global  safety 
assessment  and  a more  detailed  approach  for  more  precise  assessments  in  specific 
complex  configurations.  The  experimental  work  is  also  composed  of  two  parts:  rather 
global,  full  scale,  representative  tests  for  getting  direct  information  on  specific 
configurations  or  equipments  (the  knowledge  gained  from  this  applied  research  can  be 
directly  used  for  safety  analysis  and  for  the  global  assessment  of  computer  codes); 
analytical  tests  designed  to  improve  the  basic  knowledge  of  the  fire  and  help  in  models 
development  and  qualification. 

The  main  objective  of  fire  modelling  Is  to  provide  well-qualified  computer  codes  essential 
for  performing  safety  assessment.  Actually  for  this  purpose  the  FLAMME-S  code  Is  used. 
For  the  future,  the  SYLVIA  code  will  provide  a set  of  models  for  simulating  the  fire 
development  (two  zone  and  CFD  approaches),  the  ventilation  network  components 
behaviour  and  the  aerosols  (soot,  radioactive  materials)  deposition  and  transfer  between 
the  rooms  and  through  the  ventilation  network.  Furthermore,  the  SYLVIA  code  will  be 
coupled  to  the  IRSN  statistical  tool,  named  SUNSET  [5],  thus  allowing  uncertainty 
propagation  and  sensitivity  studies  on  code  input  data  and  model  parameters.  The  main 
objectives  of  this  new  code  development  are  to  perform  the  coupling  between  all  the  main 
phenomena  Involved  during  a fire  in  a nuclear  plant  (fire  propagation,  ventilation 
behaviour,  radioactive  aerosols  and  soot  transfers)  and  to  provide  different  modelling 
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levels  for  various  users  (a  simplified  approach  for  fast-running  calculations  used  for 
instance  for  PSA  analyses;  a detailed  approach  mainly  for  research  activities). 

Experimental  programs  in  progress:  IRSN  is  performing  or  is  preparing  3 series  of  fire 
tests: 


• FLIP  test:  these  tests  are  related  to  TPB/TPH  fire  interacting  with  a wall  in  an 
confined  and  forced  ventilated  compartment, 

• CARMELA  test:  these  tests  aim  at  providing  knowledge  of  electrical  cabinet  fires. 
In  a first  test,  analytical  approach  is  implemented  in  order  to  understand  the 
complex  phenomena  of  electrical  cabinet  fires  and  notably  the  impact  of  some 
parameters  (ventilation  effect,  spatial  arrangement,  cabinet  filling,  effect  of  the 
ignition  location,  quantity  of  combustible).  In  a second  step,  tests  will  be 
performed  in  a real  electrical  cabinet  In  order  to  study  the  consequences  of  such  a 
fire  notably  on  adjacent  electrical  cabinets  and  generation  of  inadvertent  order, 

• DIVA  tests:  this  program  firstly  aims  at  studying  all  the  consequences  a fire, 
located  in  a room,  has  on  neighbouring  rooms  and  on  the  ventilation  network: 
thermal  propagation,  smoke  and  fire  spread,  consequences  of  the  fire  on  the 
ventilation  and  room  equipments,  management  of  the  ventilation  during  a fire.  For 
this  program  a new  large-scale  experimental  facility  has  been  built.  It  consists  of 
three  rooms  (L=6m,  l=5m,  h=4m),  a common  corridor  connecting  these  rooms,  a 
room  located  above  the  third  room  and  the  neighbouring  area  of  the  corridor.  The 
rooms  are  connected  by  a ventilation  network  and  openings  such  as  doors. 


Fire  scenarios  selected:  The  fire  scenarios  that  need  research  In  order  to  improve  the 
fire  risk  assessment  have  been  identified  by  IRSN  personal  that  is  involved  in  safety 
assessment.  These  fire  scenarios  have  been  ranked  to  focus  the  fire  research  on 
dominant  needs.  For  NPP,  the  fire  scenarios  selected  are: 

• an  electrical  cable  fire  induced  by  a fixed  or  transient  combustible  fire, 

• a fire  on  a process  control  relay  rack  in  a relay  room, 

• an  electrical  cabinet  fire, 

• a fire  propagation  to  a compartment  located  above. 
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• a fire  in  a containment  (unconfined  fire), 

• a fire  in  a benchboard  of  the  control  room. 

IRSN  fire  research  needs:  Basic  research  topics  are  clearly  identified  by  IRSN  in  order 
to  improve  the  knowledge  and  modelling  of  the  complex  phenomena  involved  In  fire 
scenarios. 

For  the  fire  study,  the  topics  are: 

combustion  parameters, 

^ soot  production, 

^ improvement  of  the  plume  model  In  a confined  and  ventilated  configuration, 
explosion  hazards  due  to  the  non-burnt  residues, 

^ fire  propagation  towards  other  fire  sources, 

^ criteria  for  the  failure  of  equipment  and  the  electric  cables. 

A complementary  research  program  is  conducted  for  the  transfer  of  radioactive  aerosols 
inside  a plant  (Including  the  ventilation  network)  and  for  the  behaviour  of  the  ventilation 
and  confinement  devices  submitted  to  the  thermo-mechanical  stresses  induced  by  a fire. 
The  topics  selected  are,  for  example: 

^ Plugging  of  the  filters  by  the  aerosols  of  combustion, 

^ Setting  up  the  suspension  of  radio-elements  In  the  event  of  a fire, 

^ Mechanical  resistance  of  the  filters. 

Evolution  of  the  aerosols  of  combustion  outside  the  flame. 

A first  fire  research  program  has  been  defined  for  the  3 first  topics  (combustion  parameter, 
soot  production,  improvement  of  the  plume  model).  This  program  that  foresees  to  begin 
the  research  related  to  the  combustion  parameter  In  2003  will  be  proposed  in  the  frame  of 
the  next  budget. 
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FIRST  APPLICATIONS  OF  A QUANTITATIVE  FIRE  HAZARD 
ANALYSIS  TOOL  FOR  INSPECTION  IN  THE 
U.S.  COMMERCIAL  NUCLEAR  POWER  PLANTS* 


Naeem  Iqbal  and  Mark  Henry  Salley,  P.E. 

Office  of  Nuclear  Reactor  Regulation 
Division  of  Systems  Safety  and  Analysis 
Plant  Systems  Branch 

Fire  Protection  Engineering  and  Special  Projects  Section 
ABSTRACT 

Fires  in  a nuclear  power  plant  (NPP)  are  a significant  safety  concern.  The  U.S.  Nuclear  Regulatory 
Commission’s  (NRC’s)  new  Reactor  Oversight  Process  (ROP)  uses  a risk-informed  approach  to  evaluate 
the  safety  significance  of  inspection  findings.  As  a part  of  this  approach,  the  inspectors  use  a significance 
determination  process  (SDP)  to  evaluate  the  significance  of  fire  risks  to  the  operating  reactor,  as  required 
by  the  new  NRC  inspection  manual.  A key  step  in  the  SDP  is  determining  whether  a credible  fire  scenario 
is  possible.  The  paper  titled  "Development  of  a Quantitative  Fire  Scenario  Estimating  Tool  for  the  U.S. 
Nuclear  Regulatory  Commission  Fire  Protection  Inspection  Program”  **  introduced  the  new  quantitative 
analytical  tools  for  performing  fire  hazard  analyses  (FHAs)  being  developed  by  the  NRC  Office  of  Nuclear 
Reactor  Regulation  (NRR)  fire  protection  engineering  staff.  These  tools  are  designed  for  use  by  the  regional 
fire  protection  inspectors.  The  paper  notes  that  a FHA  is  intended  to  permit  fire  protection  inspectors  to 
quickly  evaluate  the  potential  for  credible  fire  scenarios  to  cause  critical  damage  to  essential  fire  safe- 
shutdown  (FSSD)  systems,  components,  or  equipment.  It  also  discusses  the  process  of  creating  an 
analytical  quantitative  tool  based  on  the  fire  dynamics  equations  and  pre-programmed  correlations  using 
Microsoft  ExceF*  worksheets.  These  worksheets  form  the  basis  to  be  used  to  perform  quick,  easy,  accurate 
calculations.  The  first  paper  discussed  how  to  estimate  burning  characteristics  of  fire  (heat  release  rate, 
flame  height  and  burning  duration),  and  hot  gas  layer  temperature.  Since  then  a second  series  of 
computational  worksheets  with  different  concepts  of  fire  dynamics  have  been  developed  and  taught  to  the 
regional  inspectors.  Applications  which  are  discussed  in  this  paper  include:  flame  heat  flux  from  a fire 
source  to  a target  fuel  using  a point  source  and  solid  flame  radiation  model,  centerline  temperature  of  a 
buoyant  fire  plume,  sprinkler  actuation  time  and  heat  release  rate  (HRR)  required  to  cause  flashover  in  a 
compartment.  The  NRR  fire  protection  engineering  staff  is  in  the  process  of  developing  additional 
worksheets  to  promote  greater  application  of  fire  science  engineering  in  the  field  during  inspection. 


Key  words:  fire  hazards  analysis,  nuclear  power  plant,  fire  protection  inspection  finding,  credible  fire 

scenario,  fire  dynamics,  correlations,  worksheet,  quantitative  methods 


* This  paper  was  prepared  by  the  NRC  staff.  The  views  presented  do  not  represent  an  official  staff  position.  The  NRC  has 
neither  approved  nor  disapproved  its  technical  content 

**  This  paper  was  presented  at  the  Structural  Mechanics  in  Reactor  Technology  (SMiRT)  Post-Conference  Fire  Protection 
Seminar  No.  1,  August  20-23, 2001,  at  the  Millstone  Nuclear  Power  Station  Conference  Facility  in  Waterford,  Connecticut 
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INTRODUCTION 


One  purpose  of  a fire  hazard  analysis  (FHA)  is  to  determine  the  effect  of  fires  on  the  ability  to  operate  the 
facility  safely,  that  Is,  to  protect  the  reactor  and  prevent  the  release  of  radiation  to  the  environment.  There 
are  a variety  of  methods  of  performing  a FHA.  In  this  second  paper  we  describe  more  analytical  methods 
of  quantitatively  assessing  fire  hazards  in  NRC-licensed  nuclear  power  plants  (NPPs). 

The  NRC/NRR  method  uses  simplified  quantitative  FHA  calculation  techniques  to  evaluate  the  potential  for 
credible  exposure  fire  sources  to  cause  critical  damage  to  essential  fire  safe-shutdown  (FSSD)  systems, 
components,  or  equipment,  either  directly  or  by  igniting  intervening  combustibles,  which  in  turn  could  cause 
critical  damage.  The  NRC/NRR  methods  are  based  on  material  fire  property  data  used  In  engineering  and 
scientific  calculations.  The  fire  hazard  calculations  used  in  these  worksheets  are  simple  empirical 
correlations  based  on  accepted  fire  dynamics  principles. 

REGULATORY  BACKGROUND 

The  primary  objective  of  the  fire  protection  programs  at  U.S.  NPPs  is  to  minimize  the  probability  and 
consequences  of  fires.  Fire  protection  programs  for  operating  NPPs  are  designed  to  provide  reasonable 
assurance,  through  defense-in-depth  (DID),  that  a fire  will  not  prevent  the  performance  of  necessary  safe- 
shutdown  functions  and  that  radioactive  releases  to  the  environment  will  be  minimized.  Regulatory  Guide 
1 .189,  “Fire  Protection  for  Operating  Nuclear  Power  Plants,”  April  2001 , summarizes  the  multilevel  approach 
to  fire  safety.  The  fire  protection  DID  program  has  three  objectives: 


1 . To  prevent  fires  from  starting. 

2.  To  detect  rapidly,  control,  and  extinguish  promptly  those  fires  that  do  occur. 

3.  To  provide  protection  for  structures,  systems,  and  components  important  to  safety  so  that 
a fire  that  is  not  promptly  extinguished  by  the  fire  suppression  activities  will  not  prevent  the 
safe  shutdown  of  the  plant. 

The  NRC’s  regulatory  framework  for  nuclear  plant  fire  protection  programs  (FPPs)  Is  described  in  a number 
of  regulations  and  guidelines,  including  General  Design  Criterion  3 (GDC  3),  10  CFR  50.48,  Appendix  R to 
10  CFR  Part  50,  Regulatory  Guide  1.189,  and  other  regulatory  guides,  generic  communications  (e.g., 
generic  letters,  bulletins,  and  Information  notices),  NUREG  reports,  the  Standard  Review  Plan  (NUREG- 
0800)  (SRP),  and  branch  technical  positions  (BTPs). 

FIRE  HAZARD  ANALYSIS  FOR  NPPs 

NPPs  achieve  the  required  degree  of  DID  for  fire  protection  using  echelons  of  administrative  controls,  fire 
protection  systems  and  features,  and  safe-shutdown  capabilities.  A FHA  should  be  performed  to 
demonstrate  that  the  plant  will  maintain  the  ability  to  perform  safe-shutdown  functions  and  minimize 
radioactive  material  releases  to  the  environment  In  the  event  of  a fire.  Regulatory  Guide  1.189  states  that 
the  objectives  of  a FHA  are  to, 

1 . Consider  potential  in-situ  and  transient  fire  hazards. 

2.  Determine  the  consequences  of  fire  In  any  location  in  the  plant  according  to  the  ability  to 
safely  shutdown  the  reactor  and  minimize  and  control  the  release  of  radioactivity  to  the 
environment. 
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3.  Specify  measures  for  fire  prevention,  fire  detection,  fire  suppression,  fire  containment,  and 
alternative  shutdown  capability  for  each  fire  area  containing  structure,  systems,  and 
components  important  to  safety  in  accordance  with  NRC  guidelines  and  regulations. 

NPP  FIRE  SCENARIO  DEVELOPMENT 

A fire  scenario  can  be  thought  of  as  a chain  of  events  that  begins  with  the  ignition  of  combustibles  and  ends 
either  with  successful  plant  shutdown  or  core  damage.  A fire  is  postulated  to  occur  at  a specific  location 
in  a specific  fuel  package  and  to  progress  through  various  stages  of  growth.  As  the  fire  grows,  it  may 
damage  plant  equipment  directly  or  indirectly  (most  often  through  electrical  cables).  For  a given  fire  source, 
the  FHA  may  postulate  damage  to  different  equipment,  depending  on  how  long  the  fire  burns  and  the  initial 
size  of  the  fire.  The  postulated  or  predicted  fire  damage  either  directly  or  indirectly  causes  an  initiating  event 
such  as  a plant  trip,  or  loss-of-offsite  power. 

When  developing  a fire  scenario,  the  inspector  should  conservatively  postulate  a significant  fire  provided 
that  the  potential  for  a large  fire  is  possible  in  the  fire  zone,  area,  or  room.  For  example,  in  a large  cabinet 
fire  the  initial  fire  damage  extends  beyond  the  cabinet  where  the  fire  started.  A large  cabinet  fire  in  its  initial 
stages  may  damage  overhead  cabling,  an  adjacent  cabinet,  or  both.  Assuming  that  electrical  power  is 
interrupted  the  initial  size  of  a pump  or  motor  fire  may  largely  depend  upon  the  size  of  the  oil  spill.  If  the 
configuration  of  the  compartment,  adjacent  combustibles,  etc.,  support  the  growth  of  a large  fire,  a large 
fire  should  be  postulated.  Since  large-fire  scenarios  are  normally  expected  to  dominate  the  risk  significance 
of  an  inspection  finding,  small-fires  scenarios  (for  example  a small  electrical  cabinet  fire)  are  generally  not 
analyzed  when  large-fire  scenarios  can  be  postulated.  Suppression  is  not  credited  unless  suppression 
could  prevent  the  damage  to  the  component.  Automatic  suppression,  fire  brigade,  operator  response,  and 
fire  frequencies  are  accounted  for  in  other  parts  of  the  SDP. 

FIRE  PROTECTION  INSPECTION  FINDINGS 

A fire  protection  inspection  finding  usually  concerns  a failure  or  partial  failure  in  meeting  one  of  the 
objectives  of  DID.  If  there  are  no  DID-related  findings  against  a fire  protection  feature  or  system,  the  fire 
protection  feature  and  system  is  considered  capable  of  performing  its  intended  function  and  remaining  in 
its  normal  (standby)  operating  state. 

EFFECTS  OF  FIRE  ON  NPP  OPERATIONS 

Recent  studies  indicate  that  fires  are  a significant  risk  to  the  safe  operation  of  an  NPP  (NUREG-1742).  In 
addition  to  local  damage,  heat  transfer  and  the  spread  of  smoke  may  cause  damage  far  from  the  burning 
object.  A toxic  mixture  of  combustion  products  in  the  smoke  can  hinder  work  in  the  area  by  reducing 
visibility  and  creating  a potentially  lethal  environment  for  plant  personnel.  Furthermore,  the  probability  of 
failures  in  electrical  components  increases  as  temperatures  rise  and  smoke  becomes  more  concentrated. 

Empirical  data  indicates  that  a nuclear  power  facility  experiences  more  event  precursors  (small  fires  that 
have  little  impact  on  nuclear  safety)  than  actual  fire  events  such  as  the  Browns  Ferry  Nuclear  Power  Plant 
(BFN)  Unit  1 fire  (NRC  Bulletin  75-04.  March  1975).  Many  fire  protection  experts  argue  that  no  fire  in  an 
NPP  is  without  nuclear  safety  implications  because  every  fire  is  a threat  to  safety  through  its  effects  on 
equipment  or  operating  personnel.  Statistically  however,  a NPP  is  expected  to  experience  a fire  that  affects 
nuclear  safety  equipment  every  6 to  10  years  (Ramsey  and  Modarres  1998).  The  NUREG-1742  review  of 
individual  plant  examinations  of  external  events  [including  some  detailed  fire  probabilistic  risk  assessments 
(PRAs)]  showed  that  fire  can  be  a significant  contributor  to  a given  plant’s  core  damage  frequency  because 
a single  fire  and  its  effects  can  result  in  the  loss  of  an  otherwise  highly  reliable  redundant  safety  capability. 
The  loss  of  a redundant  safety  capability  reduces  possible  success  paths  and  may  lead  to  core  melt 
damage  accidents 


C-11 


FIRE  DEVELOPMENT 


Fire  hazards  to  NPP  equipment  may  result  from  thermal  destruction,  fouling,  corrosivity,  and  other  sources. 
Fire  is  essentially  a rapid  self-sustaining  oxidation  process,  producing  heat  and  light  of  varying  intensities. 
The  chemical  and  physical  reactions  that  take  place  during  a fire  are  very  complex  and  difficult  to  describe 
completely. 

A fire  starts  when  in-situ  or  transient  combustibles  ignite  and  then  release  heat  to  the  surroundings  by 
conduction,  convection,  and/or  radiation.  The  rise  In  temperature  in  the  fire  compartment  increases  the 
volume  of  gas  and  forces  it  out  of  the  compartment.  The  flow  of  expanding  gas  out  of  the  compartment 
continues  as  the  temperature  rises.  The  pressure  differential  of  the  expanding  gas  across  the  compartment 
boundary  depends  on  a number  of  factors  including  (1)  the  leakage  area  (including  the  ventilation  system 
If  applicable),  (2)  the  volume  of  the  fire  compartment,  (3)  the  rate  of  temperature  rise,  and  (4)  the  rate  of  gas 
generation  from  the  combustion  process.  When  the  fire  temperature  reaches  a steady-state  value,  the 
gases  in  the  fire  compartment  cease  to  expand.  A balance  is  established  as  smoke  moves  out  of  the 
compartment  (primarily  by  buoyancy)  and  air  moves  in  to  replace  the  smoke. 

DEVELOPMENT  OF  THE  FIRE  DYNAMICS  WORKSHEETS 

Our  challenge  was  to  develop  a method  that  could  be  taught  to  regional  inspectors  and  put  to  use  in  a short 
time.  Regional  inspectors  have  diverse  backgrounds  typically  in  electrical,  mechanical,  nuclear,  chemical, 
and  civil  engineering.  We  had  to  present  the  fire  dynamics  correlations  so  they  could  be  understood  by 
engineers  who  had  little  or  no  formal  education  in  the  field  of  heat  and  mass  transfer.  We  also  had  to 
present  the  fire  dynamics  equations  and  correlations  in  a user-friendly  format.  After  discussions  with  the 
fire  protection  engineers  from  the  U.S.  Bureau  of  Alcohol,  Tobacco  and  Firearms  (ATF)  we  decided  to 
develop  a series  of  Microsoft  ExceP  worksheets  similar  to  ATFs’  with  the  equations  and  correlations  pre- 
programmed and  locked  in.  The  worksheets  would  allow  quick,  easy,  accurate  calculations.  The 
worksheets  would  also  list  the  physical  and  thermal  properties  of  materials  commonly  encountered  in  the 
NPP.  To  begin  the  process,  we  had  to  select  a series  of  fire  dynamics  correlation  methods.  We  decided 
to  base  our  program  on  state-of-the-art  methods  from  the  SFPE  Handbook  of  Fire  Protection  Enaineerina. 
NFPA  Fire  Protection  Handbook,  and  If  necessary  to  modify  the  equations  for  use  In  specific  NPP 
application.  The  paper  titled,  "Development  of  a Quantitative  Fire  Scenario  Estimating  Tool  for  the  U.S. 
Nuclear  Regulatory  Commission  Fire  Protection  Inspection  Program,”  presented  at  the  Structural  Mechanics 
In  Reactor  Technology  (SMiRT)  Post-Conference  sieminar  No.1 , 2001 , discussed  the  first  set  of  worksheets 
that  were  put  into  use  by  the  regional  inspectors. 

The  following  section  describes  the  second  addition  of  fire  dynamics  worksheets  recently  developed  to 
complement  the  first  series. 

METHODS  OF  PREDICTING  HEAT  FLUX  FROM  FIRE  TO  A TARGET  FUEL 
Introduction 


The  McCaffrey,  Quintlere,  and  Harkleroad  (MQH)  and  Foote,  PagnI,  and  Alvares  (FPA)  temperature 
correlations  are  not  valid  for  analyzing  a fire  scenario  In  a large  open  compartment.  Very  large  spaces  such 
as  the  reactor  building  In  a boiling-water  reactor  (BWR)  or  the  turbine  building  have  too  large  of  a volume 
for  a uniform  hot  gas  layer  to  build  up.  In  these  scenarios,  we  must  look  at  other  forms  of  heat  transfer  such 
as  radiation.  This  section  addresses  radiation  heat  transfer  when  the  target  is  at  floor  level. 

Thermal  radiation  can  be  the  significant  mode  of  heat  transfer  for  situations  where  a target  is  located 
laterally  from  the  exposure  fire  source.  An  example  Is  a floor-based  fire  adjacent  to  an  electrical  cabinet 
or  a vertical  cable  tray  in  a large  compartment. 
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Fire  normally  grows  and  spreads  by  direct  burning,  which  results  from  impingement  of  the  flame  on 
combustible  materials  or  by  heat  transfer  to  other  combustibles.  The  three  modes  of  heat  transfer  are, 
conduction,  convection,  and  radiation.  All  these  modes  may  be  significant  in  heat  transfer  from  fires.  For 
example,  conduction  is  particularly  important  in  allowing  heat  to  pass  through  a metallic  object  in  a solid 
barrier  and  ignite  material  on  the  other  side.  Most  of  the  focus  on  heat  transfer  in  fires  involves  convection 
and  radiation.  It  is  estimated  that  in  most  fires  some  75%  of  the  heat  emanates  by  convection.  The  hot 
products  of  combustion  rising  from  a fire  typically  have  a temperature  in  the  range  of  800  -1200  °C  (1472 
-2192  °F)  and  a density  a quarter  that  of  air.  However,  in  an  open  industrial  facility  much  of  the  convective 
heat  is  dissipated  into  the  atmosphere.  Conversely,  in  a smaller  building  compartment  the  heat  is  contained 
by  the  ceiling  and  walls.  Radiation  usually  accounts  for  a smaller  proportion  of  the  heat  generated  from  the 
fire.  Radiated  heat  is  transferred  directly  to  nearby  objects.  However,  in  large  open  spaces  where  a hot  gas 
layer  is  not  established,  radiation  may  be  the  most  significant  mode  of  heat  transfer  to  evaluate.  Thermal 
radiation  is  electromagnetic  radiation  of  wavelengths  from  2 to  16  pm  (infrared).  It  is  the  net  result  of 
radiation  from  substances  such  as  H2O,  COj,  and  soot  (often  dominant  in  pool  fires). 

Critical  Heat  Flux  to  a Target 

Radiation  from  a flame  or  any  other  hot  gas,  depends  on  the  temperature  and  emissivity  of  the  gas. 
Emissivity  is  a measure  of  how  well  the  hot  gas  emits  thermal  radiation.  Emissivity  is  a value  between  0 
to  1 , where  1 Is  a perfect  radiator.  The  radiation  that  an  observer  feels  depends  on  the  emissivity  and  height 
of  the  flame. 

The  incident  heat  flux  required  to  raise  the  surface  of  a target  to  a critical  temperature  is  termed  the  critical 
heat  flux.  Measured  critical  heat  flux  levels  for  representative  electrical  cable  samples  typically  range  from 
15  to  25  kW/m^  (1.32  to  2.2  Btu/ft^-sec).  To  account  for  inaccuracies,  critical  heat  fluxes  should  be 
established  for  screening  purposes  with  values  of  10  kW/m^  (0.88  Btu/ft^/sec)  for  IEEE-383  qualified  cable 
and  5 kW/m^  (0.44  Btu/f?/sec)  for  non-IEEE-383  qualified  cable.  These  values  are  consistent  with  selected 
damage  temperatures  for  both  types  of  cables  as  referenced  in  EPRI’s  Fire-Induced  Vulnerability  Evaluation 
(FIVE)  methodology. 

Numerous  methods  have  been  developed  to  calculate  the  heat  flux  from  a flame  to  a target  located  outside 
the  flame.  Flames  have  been  represented  as  cylinders,  cones,  planes  and  point  sources  to  evaluate  the 
effective  configuration  factor  or  view  factor  between  the  flame  and  the  target.  The  configuration  or  view 
factor  is  a purely  geometric  quantity.  It  gives  the  fraction  of  the  radiation  leaving  one  surface  that  strikes 
another  surface  directly.  The  predictive  methods  range  from  very  simple  to  very  complex  methods.  The 
more  complex  methods  involve  correlations  and  detailed  solutions  to  the  equations  of  radiative  heat  transfer 
and  computational  fluid  mechanics.  Routine  FHAs  are  usually  based  on  simple  correlations  because  of  the 
macroscopic  goals  of  the  analyses  and  the  limited  resources  available  for  routine  evaluation.  As  a result 
of  the  widespread  use  of  these  methods,  a great  deal  of  effort  has  gone  into  their  development.  Burning 
rates,  flame  heights,  and  radiative  heat  fluxes  can  be  predicted  by  these  methods. 

POINT  SOURCE  RADIATION  MODEL 

A point  source  estimate  of  radiant  heat  flux  is  the  simplest  and  the  most  widely  used  flame  representation. 
To  predict  the  thermal  radiation  field  of  a flame,  the  flame  is  modeled  as  a point  source  at  the  center  of  a 
flame.  More  realistic  radiator  shapes  entail  very  complex  configuration  factor  equations.  With  the  point 
source  model  radiant  heat  flux  varies  as  the  inverse  square  of  the  distance  to  the  target,  R.  With  an  actual 
point  or  spherical  source  of  thermal  radiation,  the  distance  R is  simply  the  distance  from  the  point,  or  from 
the  center  of  the  sphere,  to  the  target  (Drysdale  1998  and  SFPE  Engineering  Guide  1999). 

The  thermal  radiation  hazard  of  fires  depends  on  the  composition  of  the  fuel,  the  size  and  the  shape  of  the 
fire,  the  duration  of  the  fire,  its  proximity  to  the  object  at  risk,  and  the  thermal  characteristics  of  the  object 
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exposed  to  the  fire.  A point  source  exposure  fire  may  start  from  either  fixed  or  transient  combustibles  (e.g., 
electrical  cabinet,  pump,  liquid  spill,  switchgear  or  motor  control  center  (MCC),  or  intervening  combustible 
some  distance  above  the  floor).  For  example,  the  top  of  a electrical  cabinet  is  the  point  source  we  use  for 
a postulated  switchgear  fire.  The  point  source  of  a transient  combustible  liquid  spill  or  pump  fire  is  located 
on  the  floor. 


The  point  source  model  assumes  that  radiant  energy  is  released  from  the  center  of  the  fire.  The  radiant 
heat  flux  is  inversely  related  to  the  horizontal  distance  of  the  target  from  the  fire.  This  is  expressed 
mathematically,  in  the  following  equation: 


(1) 


where: 

q"  = radiative  heat  flux  (kW/m^  [Btu/sec/ft^)] 

Q = heat  release  rate  of  the  fire  [kW  (Btu/sec)] 

R = radial  distance  from  the  center  of  the  flame  from  edge  of  source  fire  [m  (ft)] 
Xr  = fraction  of  total  energy  radiated 


in  general,  Xr  depends  on  the  fuel,  flame  height,  and  configuration.  It  varies  from  approximately  0.15  for  low- 
sooting  fuels,  such  as  most  alcohols,  to  0.60  for  high-sooting  fuels.  In  very  large  fires  (several  meters  in 
diameter),  cold  soot  can  envelop  the  luminous  flames  and  reduce  Xr  considerably.  (See  Figure  1 .) 


The  heat  release  rate  (HRR)  of  the  fire  can  be  determined  by  laboratory  or  field  testing.  In  the  absence  of 
experimental  data,  the  maximum  HRR  for  the  fire,  Q , is  calculated  by  the  following  equation  (Babrauskas 


1995): 


Q = m"AHe.effAf  (2) 


where: 

Q = heat  release  rate  (kW) 

ih"  = burning  or  mass  loss  rate  per  unit  area  per  unit  time  (kg/m^-sec) 
A,  = horizontal  burning  area  of  the  fuel  (m^) 


C-14 


Figure  1 - Illustration  of  Radiant  Heat  Flux  From  a Point  Source  Fire  to  a Target  Fuel 

Appendix  A gives  an  example  of  the  use  of  a Microsoft  Excel®  worksheet  to  estimate  flame  heat  flux  to  a 
target  fuel  using  point  source  radiation  model. 

SOLID-FLAME  RADIATION  MODEL  WITH  TARGET  LOCATED  ABOVE  GROUND  LEVEL 

This  worksheet  provides  a method  for  assessing  the  impact  of  radiation  from  pool  fires  to  potential  targets 
using  view  or  configuration  factor  algebra.  The  method  included  in  this  worksheet  contains  a range  of 
detailed  calculations.  Some  methods  are  most  appropriate  for  first  order,  initial  hazard  assessments,  while 
greater  engineering  effort  is  required  for  more  detailed  methods  which  are  capable  of  better  predictions. 

The  method  presented  in  this  section  has  been  included  in  the  Society  of  Fire  Protection  Engineering 
(SFPE)  Engineering  Guide  on  Thermal  Radiation.  The  accuracy  of  this  method  has  been  examined  in  the 
SFPE  Engineering  Guide  through  comparisons  of  the  method  with  available  experimental  data  (SFPE 
Engineering  Guide  1999). 

The  solid-flame  model  assumes  that  the  fire  can  be  represented  by  a solid  body  of  a simple  geometrical 
shape,  with  thermal  radiation  emitted  from  its  surface,  and  that  non-visibie  gases  do  not  emit  much 
radiation.  (See  Figure  2.)  The  geometries  of  the  fire,  target,  and  their  relative  positions  must  be  taken  into 
account  since  part  of  the  fire  may  be  obscured  as  viewed  from  the  target  thus  changing  the  effective  volume 
of  the  fire.  The  thermal  radiation  intensity  to  an  element  outside  the  flame  envelope  is  calculate  by  the 
following  equation: 

q"  = EF,2  (3) 


where: 

q"  - incident  radiative  heat  flux  (kW/m^) 

E = average  emissive  power  at  flame  surface  (kW/m^) 

Fi.>2  = configuration  or  view  factor 

Emissive  Power 

Emissive  power  is  the  total  radiative  power  leaving  the  surface  of  the  fire  per  unit  area  per  unit  time. 
Emissive  power  can  be  calculated  by  the  use  of  Stefan’s  law,  which  gives  the  radiation  of  a black  body  in 
relation  to  its  temperature.  Because  fire  is  not  a perfect  black  body,  the  emissive  power  is  a fraction  (e)  of 
the  black  body  radiation: 

E = eoT"  (4) 
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where: 


E = flame  emissive  power  (kW/m^) 

T = temperature  of  the  fire  (K) 
e = emissivlty 

o = Stefan-Boltzmann  constant  = 5.67  x 10’^^  (kW/m^-K^) 


R— ^ 


Figure  2 - Solid  Flame  Radiation  Model  With  No  Wind  and  Target  Above  Ground  Level 


To  use  Stefan-Boltzmann’s  law  to  calculate  radiation  the  inspector  must  estimate  the  fire’s  temperature  and 
emissivity.  Turbulent  mixing  causes  the  fire  temperature  to  vary.  Therefore,  it  can  be  useful  to  calculate 
radiation  from  data  on  the  fraction  of  heat  liberated  as  radiation,  or  to  rely  on  measured  radiation  values. 


Shokri  and  Beyler  (1989)  correlated  experimental  data  on  flame  radiation  to  externa!  targets  in  terms  of  the 
“average  emissive  power”  of  the  flame.  The  flame  is  assumed  to  be  a cylindrical,  black-body,  homogeneous 
radiator  with  an  average  emissive  power.  The  effective  power  of  the  pool  fire  in  terms  of  effective  diameter 
is  given  by  the  following  correlation: 


E = 


(5) 


where: 

E = flame  emissive  power  (kW/m^) 

D = diameter  of  pool  fire  (m) 

The  effective  power  is  the  average  emissive  power  over  the  whole  flame  and  is  significantly  less  than  local 
emissive  power  level.  The  emissive  power  decreases  with  increasing  pool  diameter  because  black  smoke 
outside  the  flame  dims  the  radiation  of  the  luminous  flame. 

For  noncircular  pools,  the  effective  diameter  is  the  diameter  of  a circular  pool  with  an  area  equal  to  the 
actual  pool  area.  The  effective  diameter  is  obtained  by  the  following  equation: 


(6) 


where: 


A(  = surface  area  of  the  noncircular  pool 
D = diameter  of  pool  fire  (m) 
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Configuration  Factor.  View  Factor  or  Shape  Factor. 


The  configuration  factor  is  a purely  geometric  quantity.  It  is  the  fraction  of  the  radiation  leaving  one  surface 
that  strikes  another  surface  directly.  In  other  words,  it  is  the  fraction  of  hemispherical  surface  area  (or  solid 
angle)  viewed  by  the  differential  element  when  tooking  at  another  differential  element  on  the  hemisphere. 

The  configuration  factor  is  a function  of  target  location,  flame  height,  and  fire  diameter.  Its  value  is  between 
0 and  1 . When  the  target  is  very  close  to  the  flame,  the  configuration  factor  approaches  1 since  the  target 
views  only  the  flame.  The  flame  is  modeled  as  a cylinder  with  a diameter  equal  to  the  pool  diameter,  D,  and 
a height  equal  to  the  flame  height,  H,.  If  the  pool  has  a length-to-width  ratio  near  1 , a circular  source  of 
equivalent  area  can  be  used  to  determine  the  flame  height,  H,  for  non-circular  pools.  (See  Figure  3.) 

The  flame  height  of  the  pool  fire  is  obtained  by  the  following  correlation  (Heskestad  1995): 

2 

Hf  =0235Q5-1.02D  (7) 

where: 

H,  = flame  height  (m) 

Q = heat  release  rate  of  the  fire  (kW) 

D = diameter  of  the  fire  (m) 


Figure  3 - Two-Cylinder  Representation  of  the  Configuration  Factor  for  Target 

Located  Above  Ground  Level 

As  previously  discussed,  HRR  of  the  fire  can  be  determined  by  laboratory  or  field  testing.  In  the  absence 
of  experimental  data,  the  maximum  HRR  for  the  fire,  Q , is  estimated  by  Equation  2.  The  radiation 
exchange  factor  between  a fire  and  an  element  outside  the  fire  depends  on  the  flame’s  shape,  the  distance 
between  the  fire  and  the  receiving  element,  and  the  orientation  of  the  element  to  the  fire.  The  turbulent 
diffusion  flame  is  approximated  by  a cylinder.  Under  wind-free  conditions,  the  cylinder  is  vertical  (Figure 
2). 

Given  the  diameter  and  height  of  the  flame.  Equations  9 Is  used  to  obtain  the  view  or  configuration  factor, 
F,.^2»  3 cylindrical  radiation  source  whose  target  is  above  the  ground  . Two  cylinders  are  used  to 

represent  the  flame  for  a target  above  the  floor.  One  cylinder  represents  the  flame  below  the  height  of  the 
target,  and  the  other  represents  the  flame  above  the  height  of  the  target  (Figure  3). 

For  targets  above  ground  level.  Equations  8 and  9 are  used  to  estimate  the  two  configuration  factors  for 
Equation  9: 
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F = 


(8) 
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(9) 


and: 

L = distance  between  the  center  of  the  cylinder  (flame)  and  the  target 
H,  = height  of  the  cylinder  (flame) 

D = diameter  of  cylinder  (flame) 

The  total  view  or  configuration  factor  at  a point  is  the  sum  of  two  configuration  factors: 


^1->2,V  “ ^1->2,V1  + ^1->2,V2  (18) 

Appendix  A provides  an  example  of  the  use  of  a Microsoft  Excel®  worksheet  to  estimate  flame  heat  flux  to 
a target  fuel  above  ground  level  using  solid  flame  radiation  model  with  no  wind. 

A METHOD  FOR  ESTIMATING  THE  CENTERLINE  TEMPERATURE  OF  A BUOYANT  FIRE 
PLUME 

Introduction 


A fire  plume  is  a buoyant  rising  column  of  combustion  products,  not-yet-burned  fuel  vapor,  and  entrained 
air.  The  plume  of  a fire  in  a building  impinges  on  the  ceiling  unless  the  fire  is  very  small  or  the  ceiling  very 
high.  A fire  plume  usually  contains  smoke  particles.  Surrounding  air  mixes  into  the  plume  and  dilutes  the 
smoke  which  reduces  the  temperature.  This  mixing  is  called  entrainment.  To  predict  the  course  of  a fire. 
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it  is  necessary  to  know  the  rate  at  which  air  is  entrainmed  into  the  plume.  There  are  correlations  for 
calculating  the  rate  of  entrainment,  but  the  results  are  not  entirely  reliable  because  small  disturbances  in 
the  air  near  the  plume  can  have  large  effects  on  the  entrainment  rate.  If  combustion  occurs  only  in  the 
lower  part  of  the  plume,  there  is  approximately  an  order  of  magnitude  more  entrained  air  above  the 
combustion  zone  than  the  stoichiometric  requirement. 

A fire  plume  has  two  zones:  the  flaming  (reacting)  zone  and  the  nonflaming  (nonreacting)  zone.  The  flaming 
zone  is  just  above  the  fire  source;  the  fuel  vapors  released  by  the  combustibles  burn  In  this  zone.  The  air 
for  the  reaction  is  entrained  by  the  upward  movement  of  the  reactants.  Above  the  flaming  zone  of  the 
column  of  hot  combustion  products  is  called  the  nonflaming  zone  since  no  reactions  take  place  there. 

Fire  Plume  Characteristics 

Fire  plumes  are  characterized  in  various  ways  depending  on  the  scenario.  The  most  common  plume  for 
fire  protection  engineering  applications  is  the  point  source  thermal  plume  or  buoyant  axisymmetric  plume, 
which  is  caused  by  a diffusion  flame  just  above  the  burning  fuel.  An  axis  of  symmetry  is  assumed  along  the 
vertical  centerline  of  this  plume.  Another  type  of  fire  plume  Is  the  line  plume.  This  Is  a diffusion  flame 
formed  above  a long  narrow  burner.  Air  is  entrained  from  both  sides  of  the  burner  as  the  hot  gases  rise. 
Some  examples  of  line  fires  are  flames  spreading  over  flammable  wall  linings,  a balcony  spill  plume,  a 
burning  tong-sofa,  a burning  row  of  townhouses,  and  the  advancing  front  of  a forest  fire. 

Plume  Temperature 

The  highest  temperature  is  at  the  plume  centerline.  The  temperature  decreases  toward  the  edge  of  the 
plume,  where  more  ambient  air  is  entrained,  thus  cooling  the  plume.  The  centerline  temperature,  Tp(centertine). 
varies  with  height.  It  is  roughly  constant  in  the  continuous-flame  region  and  represents  the  mean  flame 
temperature.  The  temperature  decreases  sharply  above  the  flames  as  more  ambient  air  is  entrained  into 
the  plume.  The  symbol  ATp(cente*ie)  represents  the  difference  between  the  centerline  plume  temperature  and 
the  ambient  temperature,  To.  Thus  ATp,o.„s*»)=  Tj. 

There  are  numerous  ways  of  correlating  the  height  above  the  fire  source  and  HRR  to  estimate  the  plume 
centerline  temperature.  For  example,  consider  a region  of  a ceiling  jet  at  a radial  distance  from  the  fire  axis 
equal  to  the  vertical  distance  from  the  fire  source  to  the  ceiling.  In  this  region,  the  maximum  velocity  in  the 
jet  drops  to  half  the  value  near  the  fire  axis,  and  the  temperature  (relative  to  the  ambient  temperature)  drops 
about  60  percent  near  the  fire  axis.  The  maximum  velocity  and  temperature  occur  at  a distance  below  the 
ceiling  equal  to  about  1 percent  of  the  distance  from  the  fire  source  to  the  ceiling.  If  the  walls  are  very  far 
away,  the  temperature  and  velocity  of  the  ceiling  jet  decay  to  negligibly  low  values  before  the  jet  reflects 
when  it  reaches  the  wail.  If  the  wall  is  close,  the  jet  reaches  the  wall.  The  reflected  jet  goes  back  toward 
the  fire  axis,  just  under  the  original  jet.  Thus  the  hot  layer  under  the  ceiling  becomes  thicker. 

If  the  compartment  has  an  open  door  or  window  and  fire  continues,  the  hot  layer  ultimately  becomes  thick 
enough  to  reach  the  top  of  the  opening,  at  which  point  the  hot  smoke-laden  gases  start  to  exit  the 
compartment.  If  the  fire  Is  next  to  a wall  (or  a corner),  the  behavior  of  the  ceiling  jet  can  be  predicted 
provided  the  fire  is  assumed  to  be  twice  (for  wall)  or  four  times  (for  corner)  as  large  as  the  actual  size. 

Heskestad  1995,  provided  a simple  correlation  for  estimating  the  maximum  centerline  temperature  of  a fire 
plume  as  a function  of  ceiling  height  and  HRR: 


(11) 
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where: 


Tp(centertino)=  plume  Centerline  temperature  (K) 

To  = ambient  air  temperature  (K) 

= convective  HRR  (kW) 
g =acceleration  of  gravity  (m/sec^) 

Cp  = specific  heat  of  air  (kJ/Kg-K) 
po  = ambient  air  density  (kg/m®) 

z = distance  from  the  top  of  the  fuel  package  to  the  ceiling  (m) 

Zo  = hypothetical  virtual  origin  of  the  fire  (m) 

The  virtual  origin  is  the  equivalent  point  source  height  of  a finite  area  fire.  The  location  of  the  virtual  origin 
is  needed  to  calculate  the  thermal  plume  temperature  for  fires  that  originate  in  an  area  heat  source.  The 
thermal  plume  calculations  assume  that  the  plume  originates  in  a point  heat  source.  Examples  of  area  heat 
sources  are  pool  fires  and  burning  three-dimensional  objects  such  as  electrical  cabinets  and  cable  trays. 
A point  heat  source  model  is  made  for  an  area  source  by  calculating  the  thermal  plume  parameters  at  the 
virtual  point  source  elevation  rather  than  the  actual  area  source  elevation. 

The  virtual  origin,  Zq,  depends  on  the  diameter  of  the  fire  source  and  the  total  energy  released.  The  virtual 
origin  is  given  by: 

2 

-^  = -1.02  + 0.083—  (12) 

D D 


where: 

Zo  = virtual  origin  (m) 

D = diameter  of  fuel  source  (m) 

Q = total  HRR  (kW) 

For  noncircular  pools,  the  effective  diameter  is  the  diameter  of  a circular  pool  with  an  area  equal  to  the 
actual  area  (Equation  5). 

Total  HRR,(q),  is  used  when  calculating  the  mean  flame  height  and  the  position  of  the  virtual  origin.  In 
estimating  other  plume  properties  the  convective  HRR,(Qc),  is  used  since  this  is  the  part  of  the  energy 
release  rate  that  causes  buoyancy.  The  energy  losses  due  to  radiation  from  the  flame  are  generally  about 
20%  to  40%  of  the  total  HRR,(q).  Sootier  and  more  luminous  flames,  often  from  fuels  that  burn 
inefficiently,  will  have  higher  energy  losses.  The  convective  HRR  is  therefore  often  in  the  range  = 0.6 
to  0.8  Q , where  Q is  the  total  HRR  and  q,  is  the  convective  heat  release  from  the  fire. 

Appendix  A provides  an  example  of  the  use  of  a Microsoft  Excel®  worksheet  to  estimate  the  centerline 
temperature  of  a buoyant  fire  plume. 

A METHOD  FOR  ESTIMATING  SPRINKLER  ACTUATION  TIME 
Introduction 

It  is  often  useful  for  an  inspector  to  be  able  to  determine  if,  or  when  automatic  suppression  will  activate  for 
a postulated  fire  scenario. 

Automatic  sprinklers  are  thermosensitive  devices  designed  to  react  at  predetermined  temperatures  by 
automatically  releasing  streams  of  water  and  distributing  them  in  specified  patterns  and  quantities  over 
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designated  areas.  The  automatic  distribution  of  water  is  intended  to  extinguish  a fire  or  control  its  spread. 
A closed-element  sprinkler  is  only  activated  when  it  absorbs  a sufficient  quantity  of  heat. 

The  effectiveness  of  a sprinkler  installation  depends  upon  the  characteristics  of  the  system  itself  (e.g.,  the 
thermal  rating  and  spacing  of  the  sprinklers,  how  far  the  sprinklers  are  mounted  below  the  ceiling,  and  their 
pressure/flow  characteristics),  the  characteristics  of  the  building  in  which  the  system  is  installed  (e.g.,  the 
height  of  the  ceiling,  the  volume  of  the  compartment,  the  presence  of  openings,  joists,  or  ventilation  currents 
at  ceiling  level),  which  can  affect  the  flow  of  hot  gases  from  a fire  to  the  sprinklers,  the  type  of  combustibles, 
and  their  closeness  to  the  ceiling. 

Sprinkler  Activation 

In  a fire  protection  analysis,  it  is  often  important  to  estimate  the  burning  characteristics  of  selected  fuels  and 
their  effects  in  enclosures  including  when  fire  protection  devices  such  as  automatic  sprinklers,  and  thermal 
and  smoke  detectors  will  activate  for  specific  fire  conditions.  There  are  equations  available  based  primarily 
on  experimental  correlations,  for  estimating  these  effects. 

Sprinklers  are  primarily  activated  by  the  convective  heat  transfer  from  the  fire.  Convection  transfers  heat 
through  a circulating  medium,  typically,  air.  The  air  heated  by  the  fire  rises  in  a plume,  entraining  additional 
room  air.  When  the  plume  strikes  the  ceiling,  it  spreads  to  produce  a celling  jet,  in  a shallow  layer  beneath 
the  ceiling  surface,  driven  by  the  buoyancy  of  the  hot  combustion  products.  The  thickness  of  the  ceiling  jet 
flow  is  5 to  12  percent  of  the  height  of  the  ceiling  above  the  fire  source,  with  the  highest  temperature  and 
velocity  at  1 percent  of  the  distance  from  the  ceiling  to  the  fire  source.  Heat-sensing  elements  of  sprinklers 
and  thermal  detectors  are  activated  by  the  ceiling  jet. 

Computer  programs  have  been  developed  to  calculate  the  response  time  of  sprinklers  installed  below  the 
ceilings  of  large  compartments.  These  programs  estimate  the  time  to  operation  for  a set-specified  fire  HRR 
history.  They  are  convenient  because  they  avoid  the  tedious  repetitive  calculations  needed  to  analyze  a 
growing  fire.  The  same  calculations  can  be  easily  done  with  a scientific  hand  calculator  for  stead-state  fires 
that  have  a constant  HRR.  If  cases  where  a more  detailed  analysis  of  a fire  that  has  important  changes  In 
HRR  over  time  is  required,  the  fire  may  be  represented  as  a series  of  steady-state  fires  one  after  another. 

The  following  equation  gives  the  time  needed  to  heat  the  sensing  element  of  a suppression  device,  from 
room  temperature  to  operation  temperature,  in  a steady-state  fire; 
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where: 


Wuvaoon  = sprinkler  head  activation  time  (sec) 

RTI  = Response  Time  Index  (m-sec)’^ 
u^i  = ceiling  jet  velocity  (m/sec) 

Tjg,  = ceiling  jet  temperature  (°C) 

To  = ambient  air  temperature  (°C) 

Tact,vatior=  activation  temperature  of  sprinkler  head  (°C) 


RTI  is  the  fundamental  measure  of  the  thermal  sensitivity  of  sprinklers.  The  RTI  is  determined  using  plunge 
tests  in  which  the  sprinkler  is  exposed  to  a uniform  gas  flow  of  constant  temperature  and  velocity.  The  test 
results  can  be  used  to  predict  the  activation  time  of  sprinklers  in  any  fire  environment.  The  RTI  assumes 
that  conductive  heat  exchange  between  the  sensing  element  and  supports  is  negligible.  The  RTI  is  a 
function  of  the  time  constant,  r.  of  the  sprinkler  head  which  is  related  to  the  mass  and  surface  area  of  the 
sensing  element.  Faster  sprinklers  have  lower  RTI  and  smaller  time  constants.  Sprinklers  with  low  time 
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constants  typically  have  low  ratios  of  mass  to  surface  area.  This  is  the  basis  of  quick  response  sprinklers. 
The  RTI  concept  was  developed  by  Factory  Mutual  Research  Corporation  (FMRC).  It  is  given  by  the 
following  equation: 

= (14) 

where: 

me  = mass  of  element  (kg) 

Cp(e)  = specific  heat  of  element  (kJ/kg-K) 

ho  = convective  heat  transfer  coefficient  (kW/m^-K) 

Ae  = surface  area  of  element  (m^) 

Ujet  = velocity  of  gas  moving  past  the  sprinkler  (m/sec) 

The  expressions  for  estimating  the  maximum  ceiling  jet  temperature  and  velocity  as  a function  of  ceiling 
height,  radial  position,  and  HRR  were  developed  by  analyzing  of  experimental  data  on  large-scale  fires 
having  HRRs  between  668  kW  to  98,000  kW.  The  expressions  are  given  for  two  regions:  where  the  plume 
directly  hits  the  ceiling  and  the  surrounding  region  and,  where  the  flow  is  horizontal. 

The  ceiling  jet  temperature  and  velocity  correlations  are  given  by  the  following  equations  (Alpert  1972,  and 
Budnicketal.,1997): 

2 

= foris0J8  (15) 
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where: 

Tje,  = ceiling  jet  temperature  (®C) 

To  = ambient  air  temperature  (®C) 

Q = heat  release  rate  of  the  fire  (kW) 

r = radial  distance  from  the  plume  centerline  to  the  sprinkler  head  (m) 

H = distance  from  the  top  of  the  fuel  package  to  the  ceiling  level  (m) 

Uje,  = ceiling  jet  velocity  (m/sec) 

These  correlations  are  widely  used  to  calculate  the  maximum  temperature  and  velocity  in  the  ceiling  jet  at 
any  distance,  r,  from  the  fire  axis.  Note,  the  regions  where  each  expression  is  valid  are  given  as  a function 
of  the  ratio  of  the  radial  distance,  r,  to  the  ceiling  height,  H.  As  the  ratio  of  r to  H increases  with  distance 
from  the  centerline  of  the  plume  jet,  r/H  increases.  For  example,  regions  where  r/H>18,  use  Equation  16. 
Equation  15  Is  used  for  a small  radial  distance  where  the  hot  gases  have  just  begun  to  spread  under  the 
ceiling. 
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As  with  the  temperatures  there  are  two  velocity  regions  in  the  ceiling  jet  flow,  u^,:  (1)  one  close  to  the 
impingement  point  where  velocities  are  nearly  constant  and  (2)  the  other  farther  away  where  velocities  vary 
with  radial  position. 

The  ceiling  jet  temperature  is  important  in  fire  safety  analysis  because  sprinklers  are  usually  on  the  ceiling. 
Knowing  the  temperature  and  velocity  of  the  ceiling  jet  as  a function  of  radial  distance  enables  inspectors 
to  estimate  the  response  times  of  sprinklers. 

The  temperature  and  velocity  of  a ceiling  jet  also  vary  with  the  depth  of  the  jet.  Near  the  ceiling,  the 
temperature  is  at  a maximum,  then  decreases  downward.  The  temperature  profile  of  a ceiling  jet  is  not 
symmetric  like  the  temperature  profile  of  a plume,  where  the  maximum  temperature  is  along  the  plume 
centerline. 

Knowing  the  ceiling  jet  temperature  and  velocity,  the  actuation  time  of  a sprinkler  can  be  estimated  if  the 
spacing  of  the  sprinkler  and  the  RTI  is  known. 

Appendix  A provides  an  example  of  the  use  of  a Microsoft  ExceP  worksheet  to  estimate  the  sprinkler 
actuation  time. 

A METHOD  FOR  PREDICTING  COMPARTMENT  FLASHOVER 

Introduction 


The  likelihood  of  flashover  can  be  estimated  by  determinating  the  temperature  within  a compartment  during 
a fire.  Flashover  occurs  when  the  surface  temperatures  of  combustibles  rise,  producing  pyrolysis  gases, 
and  the  compartment  heat  flux  ignites  the  gases.  Flashover  is  assumed  if  the  temperature  of  the  smoke 
layer  exceeds  450  (842  °F).  Flashover  generally  occurs  when  the  smoke  layer  reaches  temperatures 

between  500  °C  (932  °F)  and  600  °C  (1112  °F).  The  hot-smoke  layer  is  considered  almost  a black-body 
radiator.  At  450  °C  (842  ®F)  the  radiation  from  the  smoke  would  be  approximately  15  kW/m^  (1.32  Btu/fF- 
sec).  Fuel  burning  above  450  °C  (842  °F)  has  a higher  incident  heat  flux  if  the  fire  is  in  the  open. 

The  International  Standards  Organization  (ISO),  defines  flashover  as  “the  rapid  transition  to  a state  of  total 
surface  involvement  in  a fire  of  combustion  material  within  an  enclosure  and  the  relatively  abrupt  change 
from  a localized  fire  to  the  complete  involvement  of  all  combustibles  within  a compartment”  (“Glossary  of 
Fire  Terms  and  Definitions,”  ISO/CD  13943,  international  Standards  Organization,  Geneva,  1996). 

NFPA  555  “Guide  on  Methods  for  Evaluating  Potential  for  Room  Flashover,”  defines  room  flashover  in  terms 
of  temperature  rise  and  heat  flux  at  floor  level.  The  NFPA  guide  gives  a gas  temperature  rise  at  flashover 
of  600  °C  (1112  °F)  and  a floor-level  heat  flux  at  flashover  of  20  kW/m^. 

Heat  Release  Required  to  Cause  Flashover 

The  minimum  HRR  necessary  to  cause  flashover  in  a compartment  has  been  widely  studied.  The  minimum 
rate  increases  with  the  size  of  the  compartment,  and  depends,  on  the  ventilation  in  the  compartment.  If 
there  is  too  little  ventilation,  flashover  cannot  occur.  If  there  is  too  much  excess  air  flow,  it  dilutes  and  cools 
the  smoke,  requiring  a higher  HRR  to  reach  the  critical  temperature  for  flashover.  The  materials  of 
construction  and  the  thickness  of  the  ceiling  and  upper  walls  are  also  important  factors  in  determining 
whether  flashover  will  occur  and,  if  so.  how  soon. 

There  are  several  methods  of  estimating  the  onset  of  flashover  in  a compartment.  The  methods  are  usually 
based  on  simplified  mass  and  energy  balances  for  single-compartment  fires  and  correlations  with 
experimental  data  on  fires. 
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Observations  from  full-scale  fire  tests  and  fire  fighter  experience  describe  flashover  as  a discrete  event. 
Numerous  variables  affect  the  transition  of  a compartment  fire  to  flashover.  Thermal  influences  are  clearly 
important  when  radiative  and  convective  heat  flux  are  assumed  to  be  predominate.  Ventilation, 
compartment  volume,  and  the  chemistry  of  the  hot-gas  layer  can  also  influence  the  occurrence  of  flashover. 
Although  the  speed  of  the  transition  to  flashover  increases  the  uncertainties,  the  onset  of  flashover  can  still 
be  estimated  by  correlating  with  the  considerable  body  of  full-scale  test  data  on  flashover. 

Thomas  (1981),  developed  a semi-empirical  correlation  of  the  HRR  necessary  to  cause  flashover  In  a 
compartment.  He  used  a simple  model  of  flashover  in  a compartment  to  study  the  effect  of  wall-lining 
materials  and  thermal  feed-back  to  the  burning  objects.  He  predicted  a temperature  rise  of  520  ®C  (968  °F) 
and  a black-body  radiation  of  22  kW/m^  to  a surface  distant  from  burning  wood  fuel  at  the  predicted  critical 
HRR  necessary  to  cause  flashover.  According  to  the  NFPA  555,  room  flashover  potential  is  best  estimated 
by  using  Thomas’s  flashover  correlation  (Equation  18). 

Thomas’  flashover  correlation  simplifies  the  energy  balance  of  a compartment  fire.  The  correlation  gives 
the  minimum  HRR  for  flashover  (Thomas  1981,  Walton,  and  Thomas  1995,  and  NFPA  555  2000  Edition): 

Qpo=7.8At  + 378A^  #7  (19) 


where: 

Qfo=  heat  release  rate  to  cause  flashovber  (kW) 

At  = total  area  of  the  enclosing  compartment  surfaces  (m^),  excluding  the  area  of  the  vent 
opening(s) 

Av  = area  of  the  ventilation  opening(s)  (m^) 

Hv  = height  of  the  ventilation  opening(s)  (m) 

The  constants  in  Equation  18  represent  values  correlated  to  experiments  producing  flashover. 

This  equation  requires  that  the  duration  of  the  fire  be  known  or  that  the  fire  has  been  burning  for  a long 
period  of  time  and  the  heat  conduction  has  become  steady-state. 

Typically  a few  minutes  up  to  around  30  minutes  is  a reasonable  range  of  time  for  estimating  the  likelihood 
of  flashover.  Firefighter  response  time  is  also  usually  within  this  range  (Karisson  and  Quintiere  2000). 

Appendix  A provides  an  example  of  the  use  of  a Microsoft  ExceP  worksheet  to  estimate  the  HRR  necessary 
to  cause  flashover. 

SUMMARY 

The  additional  fire  scenario  estimating  tools  described  in  this  paper  will  advance  the  NRC  risk-informed 
inspection  process  in  several  ways: 

1.  The  use  of  simple  fire  dynamics  correlations  will  enable  regional  fire  protection  inspectors  to 
transition  from  purely  qualitative  fire  risk  evaluations  to  evaluations  based  on  both  qualitative  and 
quantitative  methods.  The  correlations  will  decrease  the  reliance  on  opinion  and  reduce  the 
uncertainties  in  fire  risk  evaluations. 

2.  The  worksheets  with  tocked-in  equations  and  correlations  will  allow  regional  inspectors  to  more 
easily  perform  fire  hazard  analyses,  reduce  the  potential  for  mathematical  errors  and  the 
misapplication  of  the  SFPE  Handbook  of  Fire  Protection  Engineering  and  NFPA  Fire  Protection 
Handbook  equations. 
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3.  Regional  inspectors  gain  insights  into  the  fire  risk  scenarios  by  having  tools  that  can  rapidly  be 
changed  to  calculate  potential  fire  dynamics  effects. 

LESSONS  LEARNED  AND  IMPROVEMENTS 

Lessons  learned  and  improvements  have  come  about  primarily  during  training  of  the  inspectors  in  the 
quarterly  NRG  regional  fire  protection  inspectors  workshops  and  the  inspector’s  applications  of  the 
worksheets  in  actual  NPP  Inspections.  There  are  three  major  areas  where  lessons  learned/improvements 
have  been  made  to  date. 

1 . One  advantage  of  worksheets  is  the  tabular  listing  of  material  fire  property  data.  Collecting  the  input 
to  the  fire  dynamics  equations  and  correlations  for  this  is  a project  in  itself.  There  were  three 
lessons  learned  identified.  First,  when  there  are  several  values  in  the  literature  for  the  same 
material,  which  value  should  be  used?  This  was  a problem  with  HRRs  for  cable  jackets.  The 
solution  was  to  pick  the  "besf  value  and  use  only  that  value  in  the  worksheet.  If  the  licensee  has 
a more  precise  value  the  inspector  can  input  that  value.  The  second  problem  is  unavailable  or 
incomplete  data.  This  problem  was  discussed  in  training  workshop  sessions.  Much  of  the  HRR 
data  currently  available  was  funded  and  developed  for  a specific  end-user.  For  example,  the 
General  Services  Administration  (GSA)  (which  deal  mostly  with  office  environments)  HRR  values 
may  not  be  applicable  to  NPPs.  At  times  inspectors  have  to  correlate  the  scenario  they  are 
developing  with  known  data  that  may  not,  at  first,  seem  applicable  to  NPPs.  Third,  some  of  the 
existing  data  does  not  fully  describe  the  potential  hazard.  A good  example  of  this  is  the  HRR  for 
electrical  cabinets.  The  published  data  focus  on  combustibles  in  the  cabinet  (typically  cable 
insulation)  and  neglect  possible  large  energy  release  [amperes  squared  multiplied  by  time  (I^)]. 
The  fire  at  San  Onofre  Nuclear  Generating  Station,  Unit  3,  on  February  3,  2001 , showed  that  heat 
from  an  electrical  fault  in  a cabinet  can  vaporize  copper  conductors  and  destroy  surrounding  metal 
cabinets.  For  medium-  and  high-voltage  applications,  preliminary  NRG  research  indicates  that 
these  HRR  values  may  be  under  predicting  by  a factor  of  1 000.  Inspectors  are  aware  of  this  and 
are  instructed  to  use  higher  values  to  include  the  electrical  energy  when  they  can  justify  the  higher 
values.  Additionally,  the  inspector  are  trained  in  the  fundamentals  of  fire  dynamics  and  the  use  of 
the  engineering  correlations  to  recognize  those  configurations  where  the  correlations  are 
appropriate  and  where  they  should  not  be  used.  The  NRG/NRR  staff  fire  protection  engineers  are 
always  available  for  inspector  consultation  to  ensure  the  proper  application  of  these  analysis  tools. 

2.  Most  of  the  equations  and  correlations  in  the  worksheets  are  simple  mathematical  expressions. 
The  mathematical  expressions  are  not  limited  and  sometimes  give  physically  impossible  values. 
To  prevent  such  errors,  the  worksheets  have  red  warning  flags  added.  If  a value  exceeds  known 
limits,  a red  flag  appears.  For  example  a red  flag  appears  when  an  equation  increases  room 
temperature  values  well  beyond  those  physically  possible. 

3.  For  convenience  the  new  worksheets  use  pull-down  menus  and  dialog  boxes.  This  enhancement 
will  allow  the  users  to  select  the  single  input,  instead  of  entering  all  the  parameters  associated  with 
the  input.  For  example,  an  Inspector  can  simply  click  on  “concrete”  In  the  menu  and  the  correct 
parameters  appear  In  the  equation.  This  enhancement  will  also  eliminate  manual  errors  in  entering 
the  table  values  in  the  equations. 
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CONCLUSION 


Using  commercial  available  spreadsheet  software  (like  Microsoft  Excel®)  to  create  a series  of  computational 
worksheets,  the  techniques  of  fire  dynamics  analysis  can  be  taught  to  and  reliably  applied  by  inspectors. 
The  worksheets  also  reduce  mathematical  complexities  and  errors. 

The  NRR  fire  protection  staff  is  continuing  to  develop  additional  worksheets  for  regional  inspector 
application  in  the  area  of  fire  risk  evaluation.  The  worksheets  discussed  in  this  paper  are  the  second  set 
completed  and  put  into  use.  The  NRC/NRR  fire  protection  engineering  staff  expects  to  complete  the  full 
suite  of  fire  dynamics  worksheets  in  about  3 years. 
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APPENDIX  A 


SAMPLE  PROBLEM 

This  Is  an  exannple  of  how  to  do  an  engineering  FHA  using  the  NRC/NRR  fire  dynamics  Microsoft  Excel® 
worksheets. 

STATEMENT  OF  PROBLEM 

During  a routine  fire  protection  inspection,  a NRC  inspector  discovers  a significant  oil  leak  in  a station  air 
compressor.  It  is  Important  to  determine  whether  a fire  involving  20  gallon  spill  of  lubricating  oil  from  a 
compressor  could  damage  the  safety-related  cable  tray  and  electrical  cabinet  in  an  access  corridor  in  the 
fuel  building.  The  compressor  is  on  a pedestal  approximately  1.0  foot  above  floor  level  and  has  a 12  ft^ 
(1.12  m^)  oil  retention  dike.  The  safety-related  cable  trays  are  located  8 ft  (2.45  m)  above  the  corridor  floor 
with  a horizontal  distance  of  4 ft  (1.2  m)  from  edge  of  the  compressor’s  dike.  The  horizontal  distance 
between  the  compressor  dike  and  the  electrical  cabinet  is  5 ft  (1 .52  m). 

The  access  corridor  has  a floor  area  of  20  x 15  ft  (6  x 4.6  m),  a ceiling  height  of  10  ft  (3  m),  and  has  a single 
unprotected  vent  opening  (door)  of  4 x 6 ft  (1 .22  x 1 .4  m).  The  compartment  has  no  forced  ventilation.  The 
compartment  construction  is  1 ft  thick  concrete.  The  corridor  has  a detection  system  and  a wet  pipe 
sprinkler  system.  The  nearest  sprinkler  is  rated  at  165  °F  (74  °C)  with  a RTI  of  235  (m-sec)^'^)  and  located 
9.8  ft  (2.98  m)  from  the  center  of  the  dike.  Determine  If  there  is  a credible  fire  hazard  to  the  safety-related 
cable  trays  and  electrical  cabinet. 

Use  the  following  worksheets  to  evaluate  fire  scenario. 

1 . Heat  flux  to  the  target  (electrical  cabinet)  using  point  source  modeU^ 

2 Heat  flux  to  the  target  (cable  trays)  using  the  solid-flame  radiation  model, 

3.  Centerline  plume  temperature,  Tp(centertine) 

4.  Sprinkler  activation  time, 

5.  HRR  necessary  to  cause  flashover,  Qj^ 

ANALYSIS 

Accidental  spills  of  flammable  and  combustible  liquid  fuels  and  resulting  fires  depend  on  the  composition 
of  the  fuel,  the  size  and  shape  of  the  fire,  the  duration  of  the  fire,  its  proximity  to  the  object  at  risk,  and  the 
thermal  characteristics  of  the  object  exposed  to  the  fire.  Liquids  with  relatively  high  flash  points  (like  lube 
oil  or  diesel  fuel)  require  localized  heating  to  ignite.  However,  once  started,  a pool  fire  spreads  rapidly  over 
the  surface  of  the  liquid  spill.  To  perform  a conservative  FHA,  it  will  be  assumed  that  the  20  gallons  of 
lubricating  oil  will  be  spilled  into  the  diked  area  and  the  over  heated  compressor  ignites  the  oil. 

The  summary  results  of  the  calculations  are  given  in  table.  See  Microsoft  Excel®  worksheets  for  details  of 
the  calculations. 
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Fire  Hazard  Calculation  for  Compressor  Lubricating  Oil  Spill  in  Access  Corridor 


Heat  flux  to  target 

Heat  flux  to  target 

Centerline  plume 

Sprinkler  activation 

HRR  necessary  to 

(electrical  cabinet) 

(cable  trays) 

temperature 

time 

cause  flashover 

q" 

q" 

Tp(centeriine) 

tactivatian 

(kW/m^) 

(kW/m2) 

rc  (T)] 

(min) 

Qfo 

(kW) 

12.50 

17 

689  (1272) 

2 

2100 

it  should  be  noted  that  exposure  to  high  plume  temperatures  could  potentially  cause  the  unprotected  safety- 
related  cable  trays  to  fail.  The  flame  heat  fluxes  to  the  electrical  cabinet  and  the  cable  trays  are  high 
enough  to  damage  them. 

The  results  of  the  calculation  demonstrate  that  a pool  fire  with  a 12  fP  dike  area  in  an  access  corridor  could 
damage  unprotected  safety-related  cable  trays  and  electrical  cabinets.  The  analysis  also  suggests  that  for 
the  postulated  oil  fire,  the  sprinkler  system,  if  operable,  should  activate  and  should  provide  some  protection 
to  the  safety-related  cables  and  equipment. 
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METHOD  OF  ESTIMATING  RADIANT  HEAT  FLUX  FROM  FIRE  TO  A TARGET 
LIQUID  FUEL  AT  GROUND  LEVEL  UNDER  WIND-FREE  CONDITION 
POINT  SOURCE  RADIATION  MODEL 


INPUT  PARAMETERS 


Mass  Burning  Rate  of  Fuel  (m*) 

0.039 

kg/m*-sec 

Net  Heat  of  Combustion  of  Fuel  (AHc.efr) 

46000 

kJ/kg 

Fuel  Spill  Area  or  Dike  Area  (Adie) 

12.00 

Distance  between  Pool  Fire  and  Target  (L) 

5.00 

feet 

Radiative  Fraction  (Xr) 

n.3s 

THERMAL  PROPERTIES  FOR  ' - ^ 

ESTIMATING  RADIATIVE  HEAT  FLUX  TO  A TARGET  FUEL 


POINT  SOURCE  RADIATION  MODEL 

q’  = 

Where  q'  = incident  radiative  heat  flux  on  the  target  (kW/m^) 

Q = pool  fire  heat  release  rate  (kW) 

Xr  = radiative  fraction 

R = distance  from  center  of  the  pool  fire  to  edge  of  the  target  (m) 
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Pool  Fire  Diameter  Calculation 
Adke  = 

D = (4 

D=  1.19  m 

Heat  Release  Rate  Calculation 

Q = m"AHcA<ike 

Where  Q = pool  fire  heat  release  rate  (kW) 

m”  = mass  burning  rate  of  fuel  per  unit  surface  area  (kg/m^-sec) 

^Hc=  net  heat  of  combustion  of  fuel  (kJ/kg) 

Adue  = surface  area  of  pool  fire  (area  involved  in  vaporization)  (m^) 

Q = 2000.02  kW 

Distance  from  Center  of  the  Pool  Fire  to  Edge  of  the  Target  Calculation 

R = L+D/2 

Where  R = distance  from  center  of  the  pool  fire  to  edge  of  the  target  (m) 

L = distance  between  pool  fire  and  target  (m) 

D = pool  fire  diameter  (m) 

R = 2.12  m 

Radiative  Heat  Rux  Calculation 
q"  = QX/4JtR^ 

. 1 ANSWER 


FAILURE  CRITICAL  HEAT  FLUX  FOR  CABLES 

Cable  Type  Damage  Threshold  Damage  Threshold 

Heat  Flux  (kW/m*) 

IEEE-383  qualified  10 

IEEE-383  unqualified  5 

Reference  Fire-Induced  Vulnerability  Evaluation  (FIVE),  page  6-14 

NOTE 
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METHOD  OF  ESTIMATING  RADIANT  HEAT  FLUX  FROM  FIRE  TO  A TARGET 
LIQUID  FUEL  ABOVE  GROUND  LEVEL  UNDER  WIND-FREE  CONDITION 
SOLID  FLAME  RADIATION  MODEL 


INPUT  PARAMETERS 


Mass  Burning  Rate  of  Fuel  (m*) 

Net  Heat  of  Combustion  of  Fuel 
Fuel  Spill  Area  or  Dike  Area  (Adke) 

Distance  between  Pool  Fire  and  Target  (L) 
Vertical  Distance  of  Target  from  Ground  (Hi  = Hn) 


0.039 


46000 


12.00 


4.00 


_7-nnlfeet 


kg/m  -sec 
kJ/kg 

feet 


Lube  Oil 


THERMAL  PROPERTIES  FOR 

BURNING  RATE  DATA  FOR  LIQUID  HYDROCARBON  FUELS 


3' 


natejTi'- 

2-134 


ESTIMATING  RADIATIVE  HEAT  FLUX  TO  A TARGET  FUEL 


SOUD  FLAME  RADIATION  MODEL 
q"  = EFi2 

Where  q*  = incident  radiative  heat  flux  on  the  target  (kW/m^) 

E = emissive  power  of  the  pool  fire  flame  (kW/m^) 

Fi2  = view  factor  between  target  and  the  flame 
Pool  Fire  Diameter  Calculation 

D= 

D=  1.19  m 

Emissive  Power  Calculation 

E=  58(10*°“®^°) 

E = 56.71  (kW/m^) 
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View  Factor  Calculation 


F12.V1  = 

1/(nS)tan'’(h,/(S^-1  )’'^)-(hi/JtS)tan\(S-1  )/{S+1))’'^+Aih,/JtS(Ai®-1  )’'^an- 

F1^V2  = 

1/(KS)tan’  (h2/(S®-1  )’'®)-(ha/»tS)tan\(S-1  )/(S+1  ))’'^+A2h2AtS(A2^-1  )’'^an- 

Ai  = 

(hi^+S^+1)/2S 

A2  = 

(ha^+S^1)/2S 

B = 

(1+S^)/2S 

S = 

2R/D 

hi  = 

2Hti/D 

ha  = 

ZHtz/D 

Fi2.V= 

Fia.vi  + Fia,v2 

Where 

Fia.v  = total  vertical  view  factor 

R = distance  from  center  of  the  pool  fire  to  edge  of  the  target  (m) 
Hf  = height  of  the  pool  fire  flame  (m) 

D = pool  fire  diameter  (m) 

Diatance  from  Center  of  the  Pool  Rre  to  Edge  of  the  Target  Calculation 

R = L+D/2=  1^15  m 

Heat  Release  Rate  Calculation 

Q = m'AHcAf 

Q = 

2000.02  kW 

Pool  Rre  Rame  Height  Calculation 

Ht=0235  Q^-1.02D 

H,= 

3.699  m 

S = 2R/D  = 

3.047 

h,  = 2Hti/D  = 

3.582 

ha  = 2Hfa/D  = 

2(HrH„)/D  = 2.628 

Ai  = (hi^S^+1)/2S 

= 3.793 

Aa=  (ha^+S^+1)/2S 

= 2.821 

B = (I+SV2S  = 

1.687 

0.153  0.093  0.231 

Fi2,V  = 

0.143  0.077  0.170 

Fi2.V  = 

0.296 

0.388  0.750  0.153  Fizvi 
0.294  0.800  0.143  F1^v2 


Radiative  Heat  Flux  Calculation 

q"  = EFi2^  


FAILURE  CRITICAL  HEAT  FLUX  FOR  CABLES 

Cable  Type  Damage  Threshold  Damage  Threshold 

Heat  Flux  (kW/m^) 

IEEE-383  qualified  1 1 .4 

IEEE-383  unqualified  5.7 

Reference  Rre-lnduced  Vulnerability  Evaluation  (FIVE),  page  6-14 
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METHOD  OF  ESTIMATING  TEMPERATURE  OF  A BUOYANT 
FIRE  PLUME 


INPUT  PARAMETERS 

Heat  Rlease  Rate  of  the  Fire  (Q) 

2000.00 

Distance  from  the  Top  of  the  Fuel  to  the  Ceiling  (z) 

9.00 

Area  of  Combustible  Fuel  (Ac) 

12.00 

AMBIENT  CONDITIONS 

Ambient  Air  Temperature  (To)  77.00  °F 


AMBIENT  CONDITIONS 

Ambient  Air  Temperature  (To)  77.00  °F 

Specific  Heat  of  Air  (Cp)  i .00  kJ/kg-K 

Ambient  Air  Density  (Po)  1 2D 

Acceleralion  of  Gravity  (g)  9.81  m/sec‘ 

Convective  Heat  Reiease  Fraction  (Xe)  o.50 


ESTIMATING  PLUME  CENTERUNE  TEMPERATURE 

■ To  = 9.1  (Tofg  Cp*  Po*)“  (Z  - Zo)-” 


'■■ioo'jic 


Where  Qc  = Convective  portion  of  the  heat  release  rate  (kW) 

To  = ambient  air  temperature  (K) 

g = acceleration  of  gravity  (m/sec^) 

Cp  = spedftc  heat  of  air  (kJ/kg-K) 

Po  ^ ambiertf  air  density  (kg/m*) 

z = distance  from  ttie  top  of  the  fuel  package  to  the  ceiBng  (m) 
Zo  = hypothetical  virtual  origin  of  the  fire  (m) 

Convective  Heat  Relaase  Rate  Calculation 
Qc  = XeQ 

Where  O = heat  release  rate  of  the  fire  (kW) 

Ze  = convective  heat  release  fraction 


Qc=  1000  kW 

Pool  Fire  DIamotar  Calculation 
A*,=  *D*/4 

D= 

D=  1.19  m 

HypothoUeal  Virtual  Origin  Calculation 
ZofD  = -1 .02  + 0.083  (Q**)/D 
Where  Zo  = virtual  origin  of  the  fire  (m) 

Q s heat  release  rate  of  fire  (kW) 

D = diameter  of  pool  lira  (m) 

ZofD=  0.44 

Zo=  0.S2  m 

Centarlino  Plume  Tomporaturo  Calculation 
Tp<«**»,  - To  = 9.1  (Tofg  Cp*  Po*)*'*  Qc**  (z  - Zo)'” 
“ To=  664.22 

962.22  K 


note'”'"'' 
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METHOD  OF  ESTIMATING  SPRINKLER  RESPONSE  TIME 


INPUT  PARAMETERS 

Heat  Release  Rate  of  the  Fire  (Q) 

Sprinkler  Response  Time  Index  (RTI) 

Activation  Temperature  of  the  Sprinkler  Head  (Tactwation) 

Distance  from  the  Top  of  the  Fuel  Package  to  the  Ceiling  Level  (H) 
Radial  Distance  from  the  Plume  Centerline  to  nearest  Sprinkler  Head  (r) 
Ambient  Air  Temperature  (To) 

Convective  Heat  Release  Fraction  (Xc) 
r/H=  1.09 


(m 

(m-sec)’® 

(»F) 

(ft) 

(ft) 

(«F) 


0.70 


2000.00 



165 

^ 

9.BQ 

68.00 


GENERIC  SPRINKLER  RESPONSE  TIME  IND^EX  (RTI)*  FOR  I 


tDoRKnpa  Sp«6|def  Type ' 


l®i§® 


iOufakiPW^KWjeefeti) 

.Ouii^wponM'fink 

^eleieriee  ef Pradfc^lulelhodae* 

ASlARAM^ttfltemattonaiCt^ifemweonBif  &^iM»«nd^ng)neerln0r1fltFi^^  ~ 

^_^^^J)lote^he^actua^T^houl|^ejjse^whenthe^^glijejsj|vailablfi______^ 

GENERIC  SPRINKLER  TEMPERATURE  RATING  (T^^vetion)*  FOR  j 

-ARaripftef TeiapMalpfe  Ratinge’:’ iSenetteileiqbnk^l^^ 

‘ 


^p4tB 


•Noterrh^ctuaj^mgeraturyatin^houl^^ise^wher^h^aJu^^Bvallabje. 


ESTIMATING  SPRINKLER  RESPONSE  TIME 


tactivation  = (RTI)/Ujrt  In  (Tjot  - To)/Tjet  “ Tactivation) 


1 


1 


Where  tactivation  = sprinkler  activation  response  time  (sec) 

RTI  = sprinkler  Response  Time  Index  (m-sec)’'^ 

Ujai  = ceiling  jet  velocity  (m/sec) 

Tie.  = ceiling  jet  temperature  (°C) 

To  = ambient  air  temperature  (°C) 

Tactivation  = activation  temperature  of  sprinkler  head  (°C) 
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for  r/H  = 0.18 
forr/H  > 0.18 


Celling  Jet  Temperature  Calculation 

Ti,-To=16.9(Qcr/H“ 

Ti«-To  = 5.38  (Qofr)“/H 

Where  = ceiling  jet  temperature  ("C) 

To  = ambient  air  temperature  (°C) 

Qc  = convective  portion  of  the  heat  release  rate  (kW) 

H = distance  from  the  top  of  the  fuel  package  to  the  ceiling  level  (m) 
r = redial  distarKe  from  the  plume  centerline  to  the  sprinkler  head  (m) 

Convective  Heat  Relaasa  Rate  Calculation 

Qc  = XcQ 


Where  Q = heat  release  rate  of  the  fire  (kW) 

Xe  = convective  heat  release  fraction 
Qe=  1400  kW 

Radial  Datanee  to  Ceiling  Height  Ratio  Calculation 
r/H=  1.09  r/H  >0.18 


Tj=-To  = 5.38(Qe/r)*®/H 
Ti=-To=  118.34 

T(.=  138.34  CC) 

CeOIng  Jet  Veioeity  Calculation 

Uj==0.96(Q/H)’®  for  r/H  =0.15 

Uj.  = (0.195  o’®  H’^j/r**  for  r/H  > 0.15 

UjM  = ceiling  jet  velocity  (m/sec) 

Q = heat  release  rate  of  the  fire  (kW) 

H = distarKe  from  the  top  of  the  fuel  package  to  the  ceiling  level  (m) 
r=  radial  distance  from  the  plume  centerline  to  the  sprinkler  head  (m) 

Radial  Datanee  to  Caliing  Haight  Ratio  Calculation 

r/H=  1.09  r/H  >0.15 


Ui==  (0.195  Q^h’V®* 

Uitt  = 1 .635  m/sec 

SprlnMar  Activation  Time  ^Iculation 

tirli>»>cn  = (RTI)/Uj,t  In  (T(=  - ToVTi*  - TaOMHon) 
tMiMhMiB  111.60  aee 

HhaaprinkiarafllraapondinappfDxfmataly  iJemimrtM  ANSVI^R 

NOTE:  If  tKUvtfen  - "NUM"  Sprinkler  is  not  activate 

NOTE 
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METHOD  OF  PREDICTING  VENTED  COMPARTMENT  FLASHOVER 
NO  FORCED  VENTILATION 


INPUT  PARAMETERS 


COMPARTMENT  INFORMATION 

Compartment  Width  (Wc) 
Compartment  Length  (U) 
Compartment  Height  (he) 


Vent  Width  (W,) 
Vent  Height  (Hy) 


METHOD  OF  THOMAS 


fe«t 

te«t 

teet 

tMt 

teet 

20.00 


15.00 


10.00 


4.00 


e.oo 


Qro  = 7.8  At  + 378  A,  (H,)’'® 

Where  Qfo  - heat  release  rate  of  the  fire  (kW) 

At  = total  area  of  the  compartment  enclosing  surface  boundaries  (m®) 
Ay  = area  of  ventilation  openirtg  (m®) 

Hv  = height  of  ventilation  opening  (m) 

Area  of  VentHatlon  Opening  Calculation 

Ay=  (Wv)(Hv) 

Ay  = 99H  m® 

Area  of  Compartmant  Enclosing  Surface  Boundaries 

At  = [2(w,jd«)  + 2(h«xwe)  + 2(heXlc)]  - Ay 

At=  118.54  m* 

Minimum  Rata  of  Heat  Raleasa  for  Flashovar 

Qfo  = 7.8  At + 378  Ay  (Hy)’® 

aoMMm  l^'ANSWER 


NOTE 
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1 Introduction 

This  note  has  been  written  in  the  framework  of  the  International  Collaborative  Project 
to  Evaluate  Fire  Models  for  Nuclear  Power  Plant  Applications  organized  by  the  NRC.  Its  aim 
is  to  give  to  the  participants  or  the  FLAMME_S  users  an  overview  of  the  validation  matrix  of 
the  code.  Therefore,  in  this  document,  only  the  FLAMME_S  major  features  and  the  test 
conditions  are  described.  More  detailed  information  can  be  found  in  the  references,  mostly 
written  in  French  and  not  open  to  release. 

2 Overview  of  the  FLAMME_S  code 

The  FLAMME_S  code  was  developed  to  compute  the  consequences  of  a fire  in 
nuclear  power  plants  or  in  industrial  facilities.  This  code  is  based  upon  a classical  two  zones 
model  and  it  can  be  applied  to  a single  or  a multi-room  configuration.  The  main 
characteristics  of  the  FLAMME_S  code  are  : 

• The  flame  and  the  plume  above  the  fire  pool  are  described  with  the 
empirical  correlations  set  by  Heskestad.  The  Mac  Caffrey’s  plume  model  is 
currently  under  development. 

• The  calculation  of  the  radiative  exchanges  inside  the  room  (on  walls  and  on 
targets)  due  to  the  flame  relies  on  a classical  point  source  approach. 

• The  heat  loss  of  the  gases  through  the  walls  by  conduction  is  taken  into 
account  and  can  induce  the  heating  of  the  gases  of  a target  room  near  the 
fire  room. 

• The  rooms  of  the  facility  can  be  connected  with  a ventilation  system  (at  a 
constant  or  variable  flow  rate)  or  with  vertical  vents  like  doors. 

• No  ceiling  jet  or  horizontal  vent  models  are  available. 

FLAMME_S  can  be  used  autonomously  or  coupled  with  the  SIMEVENT  code 
devoted  to  the  calculation  of  flow  rates  in  complex  ventilation  networks.  But  the  description 
of  this  ventilation  code  is  beyond  the  scope  of  this  paper. 
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3 Validation  domain 

The  objective  of  the  validation  process  of  the  FLAMME_S  code  is  to  evaluate  the 
calculation  results  for  several  different  configurations,  in  terms  of : 

• the  room’s  number  of  the  facility  (up  to  3 rooms), 

• the  location  of  the  pool  fife  (in  the  middle  of  the  room  or  against  a wall), 

• the  ventilation  conditions  (forced  or  natural), 

• the  kind  of  fuels  used. 

All  the  tests  series  considered  in  the  validation  matrix  are  listed  in  the  following  table  : 


Configuration 

Location  of  the  pool  fire 

Test  series 

Number  of  tests 

Single  room 

In  the  middle  of  the  room 

Lie,  LPI,  PEPSI 

13 

Single  room 

Against  a wall 

FLIP 

5 

Multi  rooms 

In  the  middle  of  the  room 

Cooper 

19 

Multi  rooms 

Against  a wall 

Peacock 

7 

Table  1 : List  of  the  test  series  considered  in  the  validation  matrix 


Additional  information  about  the  test  conditions  is  indicated  below  or  may  be  found  in 
the  references.  Furthermore  a “rough”  criteria,  the  relative  error,  has  been  used  to  evaluate  the 
quality  of  the  agreement  between  calculations  and  test  results.  When  the  relative  error  is  less 
than  20  %,  FLAMME_S  can  be  used  with  confidence  for  similar  calculation  conditions.  All 
the  tests  listed  in  this  document  satisfy  this  condition,  except  some  Peacock’s  test  (See  § 
3.3.2). 
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3.1  Fuel  used  during  the  test 

The  different  kind  of  fuel  used  during  the  tests  are  indicated  in  the  following  table. 


- 1: 

TPH 

C12H26 

LIC2.CB 

70%  TPH  - 30%  TBP 

70%(Ci2H26)-30% 

(C,2H2704P) 

LIC/FLIP 

Ethanol 

C2H6O, 

LICl. 14/FLIP 

Mineral  Oil 
(DTE  medium) 

C31,34H63,9 

LPI 

Domestic  fuel 

Ci5.55H29,3 

LPI13 

Methane 

CH, 

Cooper 

Methane/acetylene 

Peacock 

Table  2 : List  of  fuels 


TPH  : Hydrogened  Tetra  Propylen 
TBP  : Tri  Butyl  Phosphat 

More  detailed  characteristics  of  the  fuel  are  given  in  annexe. 

3.2  Single  room  tests  performed  at  IRSN 
3.2.1  Centred  fire  pool 

The  different  tests  achieved  with  the  fire  pool  in  the  middle  of  the  room  [5],  [6]  are 
indicated  in  the  table  below. 


Area  of  the  pool 

(m^) 

Fuel 

Facility 
(Volume  m^) 
(LxlxH)  ou  (SxH) 
(wall  material) 

Ventilation 

conditions 

Test 

0,0314 

Mineral  oil 

(DTE  medium) 

4,35 

(0,856  m^x5,35  m) 
(steel  wall) 

confined 

LPI  7 

0,0314 

Mineral  oil 

(DTE  medium) 

4,5  m^ 

(2,01 1 m^x2,24  m) 
(steel  wall) 

confined 

LPI  9bis 
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0,0629 

Mineral  oil 

(DTE  medium) 

4,5  m^ 

(2,011  m^x2,24m) 
(steel  wall) 

confined 

LPI 10 

1 

70%  TPH  - 30% 

TBP 

400  m^ 

(9  mx6  mx7,6  m) 
(concrete  wall) 

mechanical 

(3  V/H)‘ 

Lie  2.3 

1 

70%  TPH  - 30% 

TBP 

2000  m^ 

(10  mxlO  mx20  m) 
(concrete  wall) 

Natural 

Lie  2.8.1 

1 

70%  TPH  - 30% 

TBP 

3600  m'^ 

(20  mxl5  mxl2  m) 
(concrete  wall) 

confined 

Lie  2.eA 

1 

TPH 

3600 

(20  mxl5  mxl2  m) 
(concrete  wall) 

confined 

Lie  2.eB 

1 

Mineral  oil 

(DTE  medium) 

400  m"^ 

(9  mx6  mx7,6  m) 
(concrete  wall) 

mechanical 

(5  V/H) 

LPI  llA 

LPI  11 

PEPSI  1 

1 

ethanol 

400 

(9  mx6  mx7,6  m) 
(concrete  wall) 

mechanical 
(5  V/H) 

Lie  1.14 

2 

Mineral  oil 

(DTE  medium) 

400 

(9  mx6  mx7,6  m) 
(concrete  wall) 

mechanical 
(5  V/H) 

LPI  12 

5 

70%  TPH  - 30% 
TBP 

2000 

(10  mxlO  mx20  m) 
(concrete  wall) 

Natural 

Lie  2.8.5 

5 

Mineral  oil 

(DTE  medium) 

2000 

(10  mxlO  mx20  m) 
(concrete  wall) 

Natural 

LPI  13 

5 

Domestic  fuel 

2000 

(10  mxlO  mx20  m) 
(concrete  wall) 

Natural 

LPI  19 

Table  3 : List  of  IRSN  tests  (centred  fire) 


3.2.2  Fire  pool  against  a wall 

In  the  FLIP  tests  [1],  [8],  the  fire  pool  was  located  against  the  south  wall  of  the 
PLUTON  facility  (V  = 400  Ixwxh  9 nix6  mx7,6  m).  In  this  facility,  all  the  walls  are  made 
of  concrete  except  the  south  wall  which  was  covered  with  a thermal  insulating  material  made 
of  thermipan.  Whatever  the  test  considered,  the  steady  ventilation  flow  rate  before  the  onset 
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of  the  fire  was  3 volume  changes  per  hour.  The  squared  inlet  (0.5  x 0.6  m^)  is  located  in  the 
bottom  and  in  the  middle  of  the  north  wall ; the  squared  outlet  (0.5  x 0.8  m^)  is  in  the  top  and 
in  the  middle  of  the  west  wall  (cf.  Figure  1). 

Inlet 

- - I I - 


Outlet 


Fire  oool 


Figure  1:  overview  of  the  PLUTON  facility 


Additional  information  about  the  FLIP  test  is  listed  below  : 


Area  of  the  pool 
(m") 

Kind  of  fuel 

Q(kW) 

Test 

0.4  . 

TBP/TPH 

360 

FLIPI 

0.4 

Ethanol 

215 

FLIPIA 

LO 

'PP/TPH 

645 

FLIP2 

1.0 

Ethanol 

510 

FLIP2A 

1.5 

TBP/TPH 

910 

FLIP? 

Table  4 : List  of  IRSN  FLIP  test  (fire  pool  against  a wall) 


Remark : Q is  the  average  heat  release  rate  (kW) 
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3.3  Multi-room  tests 

The  FLAMME_S  code  was  validated  in  multi-room  configurations  by  using  the  tests 
performed  by  Cooper  [4],  [9],  [10]  and  Peacock  [7],  [2],  [3]. 


3.3.1  Cooper  tests  _ 

The  facility  used  by  Cooper  has  2 or  3 rooms,  with  a variable  length  for  the  corridor. 

The  surface  of  the  total  floor  is  in  the  range  of  40.6  m^  to  89.6  m^ 


Figure  2 : Overview  of  the  Cooper  facility 


A square  gas  burner  (0.3  x 0.3  m^)  is  set  in  the  middle  of  a room  and  is  supplied  with 
methane.  In  the  tests,  the  fire  duration  does  not  exceed  10  mn.  The  steady  heat  release  rate  of 
the  fire  (Q)  is  25,  100  or  250  kW.  The  growth  of  the  fire  is  modeled  as  : 

Q(t)  = 30 1 with  0 < t < 10  mn  (Q  in  kW) 

The  other  test  conditions  are  listed  in  the  following  table  : 
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Q(kW); 

Vi  corridor 

febiriifer 

corridor 

Corridor 
and  lobby 

Corridor 

1/2  door. 

Corridor 

1/4  door 

Corridor 

1/8  door 

25 

X 

X 

X 

X 

100 

X 

X 

X 

X 

X 

X 

X 

' 225 

X 

X 

X 

X 

Ramp 

fire 

X 

X 

X 

X 

Table  5 : List  of  Cooper  tests 


33,2  Peacock  tests 

An  overview  of  the  facility  used  by  Peacock  is  displayed  on  the  following  scheme.  It 
is  composed  of  two  or  three  rooms  connected  by  doors. 


Hood 


Door  2 

Door  3 

i 

Room  3 


Corridor 

Door  1 



Room  1 

m*- 


Gas  burner 


Figure  3 : Overview  of  the  Peacock  facility 


The  bum  room  walls  are  made  of  ceramic  fiber  and  those  of  the  second  and  third  room 
are  covered  by  gypsum  board.  Furthermore,  the  room  dimensions  are  indicated  in  the 
following  table : 


Room 

Length  (m)  x width  (m)  x height  (m) 

; . . Volume  (m^)  ; 

1 

IMxlMx  2.16 (11.83 in’) 

2 

12.19  x 2.44  x 2.44  (72.6  m") 

3 

2.22  X 2.24  X 2.43  (12.1  m’) 

Table  6 : Room  dimensions  of  Peacock’s  facility 
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A gas  burner  is  set  against  a wall  of  the  first  room.  The  fuel  is  a gas  mixture  made  of 
methane  and  acetylene.  The  heat  release  rate  of  the  fire  (HRR)  is  varied  in  the  range  of  100  to 
500  kW.  The  combustion  products  are  collected  by  a hood  located  just  behind  the  second 
door.  By  using  the  consumption  method,  the  HRR  of  the  fire  is  deduced  from  hood 
measurements  and  not  directly  recorded  with  a weight  device.  This  is  the  main  difference 
with  the  other  tests  performed  and  listed  in  the  validation  matrix. 


The  conditions  of  the  Peacock’s  tests  are  summed  up  in  the  table  below  : 


Test  number 

Q(kW) 

Door 

(corridor) 

Third  room 

1 

100 

Open 

No 

MHliiilii 

Open 

Yes 

5 

300 

Open 

No 

6 

300 

Closed 

Yes 

7 

300 

Open 

Yes 

- ^ 

500 

Open 

No 

9 

500 

Open 

Yes 

Table  7 : List  of  Peacock’s  tests 


Concerning  these  tests,  some  restrictions  about  the  agreement  between  calculations 
and  test  results  must  be  made.  Whatever  the  test  considered,  the  average  room  temperature  is 
well  estimated  ; the  maximum  value  reached  in  the  fire  room  in  the  case  of  the  500  kW  heat 
released  rate  is  very  high  around  550  °C.  The  flow  rates  through  the  door  connecting  the  fire 
room  to  the  corridor  is  also  in  good  agreement  with  measurements.  This  is  not  true  for  the 
other  doors  of  the  facility  probably  due  to  the  uncertainty  on  measurements.  Furthermore,  the 
upper  layer  temperature  is  enough  over-estimated  and  the  lower  layer  temperature  under- 
estimated ; for  these  variables  the  relative  error  is  beyond  20  % criteria. 
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4 Conclusion 

Some  general  remarks  can  be  drawn  from  the  validation  process  about  the  limitations 
and  the  validation  domain  of  the  code.  The  upper  layer  temperature  (resp.  the  lower  layer 
temperature)  is  generally  over-estimated  (resp.  under-estimated)  even  if  the  agreement 
between  calculations  and  measurements  is  good.  Given  a facility  and  a forced  ventilation  flow 
rate  before^the  start  of  the  fire,  the  accuracy  of  the  calculation  decreases  as  a function  of  the 
heat  release  rate  of  the  fire.  These  results  are  in  agreement  with  the  literature  and  not  limited 
to  the  FLAMME_S  code.  They  are  likely  link  to  the  two  zone  approach. 

Given  the  previous  limitations,  the  FLAMME_S  code  is  well  validated  over  a large 
range  of  test  conditions  derived  from  the  literature  or  from  experiments  performed  at  IRSN 
(more  details  of  the  tests  used  are  given  below).  The  main  results  of  the  comparison  between 
the  calculations  and  the  experiments  are  the  following  : 

1/  The  relative  error  is  less  than  20  percents  for  the  main  thermodynamical 
parameters  like  the  pressure  in  the  room,  the  oxygen  concentration  and 
temperature  in  each  layer,  the  average  temperature  of  the  wall  and  the 
ventilation  flow  rate,  except  in  some  Peacock  tests  (See  § 3.3.2). 

2/  The  FLAMME_S  code  is  validated  for  single  room  configurations  (18  IRSN 
tests)  and  for  multi-room  configuration  (19  tests  performed  by  Cooper  and  7 
experiments  achieved  by  Peacock). 

Therefore  the  FLAMME_S  code  can  be  used  with  confidence  in  the  following 
conditions : 

• The  room  walls  are  made  of  concrete  or  of  steel. 

• The  height  of  the  room  is  equal  or  greater  than  the  smallest  horizontal 
dimension  of  the  room. 

• The  room  is  sealed  or  connected  to  the  outside  with  vertical  openings  or 
with  a ventilation  network  (the  flow  rate  is  in  the  range  of  3 to  5 volume 
changes  per  hour  before  the  start  of  the  fire). 

• The  fire  pool  is  set  in  the  middle  of  the  room  or  against  a wall. 

• The  fuel  is  a gas  or  made  of  mineral  oil  or  of  an  organic  liquid. 

• The  ratio  of  the  pool  area  to  the  area  of  the  floor  of  the  facility  is  less  than  5 
percents. 
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• The  pyrolysis  rate  of  the  fuel  is  an  input  data. 

• The  ratio  of  the  heat  release  rate  to  the  volume  of  the  facility  is  less  than 
5kW/m’. 

In  the  next  future,  new  validation  exercises  are  planned.  FLAMME_S  will  be  used  to 

simulate  the  results-obtained  in_a  multi-room  configurations  with  natural  and  mechanical 

ventilation  (DIVA  tests). 
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AnnexeI  : Characteristics  of  the  fuels 


Legend : 

M : molar  mass 

PCI : standard  heat  of  combustion  (MJ/kg)- — 

: heat  fraction  released  by  the  flame  as  radiation 
p : density 
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Annexe  2 : Chemical  reactions 


In  the  validation  process,  the  combustion  products  are  composed  by  HjO,  OjPj,  COj,  C 
and  the  chemical  reaction  is  written  in  the  following  way  : 

+6[02  +3.7742N2]->b/2Il2Dd-d/205P2+aCQ2+pC 

It  is  possible  to  compute  the  mole  number  of  each  product  with  the  following 
assumptions  : 

• Every  hydrogen  atom  is  combined  with  oxygen  to  product  water, 

• Phosphor  atoms  in  the  fuel  form  O5P2, 

• The  mass  fraction  of  soot  to  mass  of  burnt  fuel  is  p. 

Given  these  assumptions,  the  different  mole  numbers  are  written  as  : 
a=a-fr/100)Mfi^,/M,^  P=(p/100)M^,/M^  8=0.5  [b/2+(5/2)d+2o-c] 

TBP/TPH  


O2 

C62 

wmssm 

p(%) 

LIC23 

18.298 

11.929 

0.071 

10* 

LIC2.8.1 

16.02 

9.651 

2.349 

24* 

LIC2.c.a 

16.107 

9.738 

2.262 

13.9 

LIC2.8^ 

16.042 

9.673 

2.327 

14.3 

FLIP 

16.091 

9.722 

2.278 

14 

*P  = ^/100)Mfuei/M 

soot  -(d/2)Mo5P2/M 

soot 


C-56 


SESHP/GME/IPS/FLS/C4  Overview  of  the  FLAMME_S  code  validation  matrix 
O/NT/02.337 


Page  19/19 


Mineral  oil 
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Other  fuels 


. Fuel 

CO, 

" : cf^  5 

Domestic  fuel 

20356 

13.031 

2.519 

14 

TPH 

17.083 

10383 

1.417 

10 

Methane 

2 

1 

0 

0 

Methane/acetylene 

2.428 

1329 

0.046 

2.63 

C-57 


International  Collaborative  Project  to  Evaluate  Fire  Models  for 
Nuclear  Power  Plant  Applications,  Gaithersburg,  MD,  May  2-3,  2002 


ZONE  MODEL  VALIDATION  OF  ROOM  FIRE  SCENARIOS 


O.  Keski-Rahkonen  and  S.  Hostikka 

VTT  Building  and  Transport,  P.O.  Box  1803,  FIN-02044  VTT,  Finland 

Tel.  +358  9 456  4810,  Fax  +358  9 456  4815,  e-mail:  01avi.Keski-Rahkonen@vtt.fi 


ABSTRACT 


Part  of  tre  results  of  the  Scenario  B of  the  CIB  W14  Round  Robin  for 
computer  fire  code  assessment  are  presented.  The  scenario  consisted  of 
three  subscenarios.  Each  of  them  was  a single  room  with  natural 
ventilation  and  a wood  material  fire  source.  Sixteen  participants  from 
ten  countries  using  eleven  different  computer  codes  demonstrated  the 
calculation  of  scenario  B.  The  participants  used  two  CFD-codes  and 
nine  two-zone  models  from  1997  to  1998.  In  this  short  report 
calculation  results  using  codes  developed  at  NIST  are  compared  with 
measurements  and  discussed  in  general. 

INTRODUCTION 

Zone  and  field  models  describing  fire  development  and  smoke  movement  are 
commonly  used  as  a part  of  advanced  design  or  fire  safety  evaluation  of  buildings. 
Although  numerous  efforts  to  compare  fire  models  with  experiments  have  been 
published,  systematic  validation  of  the  plethora  of  existing  fire  codes  is  lacking.  This 
deficiency  has  become  critical  due  to  the  introduction  of  performance  based  building 
codes,  which  often  encourage  the  use  of  numerical  simulations.  Designers  and 
authorities,  which  may  not  be  knowledgeable  about  fire  simulation,  should  be  given 
guidance  on  which  codes  to  use  and  on  the  hmits  of  the  models,  VTT  organized  a 
round  robin  of  fire  simulation  within  the  auspices  of  CIB  W14.  Two  rounds  of 
calculations  were  arranged.  In  the  first,  scenario  A,  users,  programs,  and  their 
technology  were  studied  simultaneously.  The  main  result  was,  that  the  user  is  the 
most  critical  component.  No  further  details  are  given  here  on  scenario  A.  In  scenario 
B the  major  objective  was  to  test  the  performance  of  the  technology  although  also  it 
revealed  a lot  from  the  user  contribution.  This  presentation  summarizes  the  most 
important  findings  from  that  round  concentrating  on  technology  contained  in  CFAST 
and  FIRST  model  codes  originating  from  NIST. 

OVERVIEW  OF  SCENARIO  B 

Scenario  B consisted  of  three  subscenarios  Bl,  B2  and  B3.  The  experiments 
corresponding  to  the  subscenarios  were  conducted  during  the  years  1983,  1985  and 
1986  in  the  VTT  testing  hall,  shown  in  Figure  1,  jointly  by  VTT  and  Technische 
Universitat  Braunschweig  (Hagen  & Haksever  1985).  Originally,  the  aim  of  the  test 
series  was  to  study  full  compartment  fires.  Subscenarios  B 1 and  B2  shown  in  Figures 
2 and  3,  consisted  of  a single  room  with  a door/window  open  to  ambient.  The  names 
of  the  tests  during  the  test  programme  and  the  room  sizes  are  shown  in  Table  1. 
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Table  1 - The  subscenarios.  Test  times  were  actually  longer  than  the  times  mentioned 
here,  but  the  given  times  were  chosen  for  the  Round  Robin. 


Test  label 

Room  size 
(m') 

Fire  load 
(kg) 

Fire  load  density 
(MJ/m^) 

Peak  RHR 
(MW) 

Test  time 
(min) 

B1 

SF83-3 

15x7.2x3.5 

1989 

330 

11 

100 

B2 

SF85-10 

20  X 11 X 3.6 

1815 

220 

14 

180 

B3 

SF86-10 

7.4  X 7.2  X 3.6 

2x500 

330 

5.2 

120 
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Plan  view 


Figure  2.  Subscenario  Bl. 


Plan  view  Side  view 


Figure  3.  Subscenario  B2. 
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EXPERIMENTAL  DATA  REDUCTION  FOR  FIRE  MODEL  VALIDATION 


Here  only  data  reduction  of  calculation  of  interface  height  and  layer  temperatures  is 
treated.  The  height  of  the  smoke  layer  interface  is  one  of  the  key  variables  studied 
during  the  fire  safety  analysis  of  the  buildings.  It  is  a natural  output  variable  for  two 
zone  model  fire  codes  where  the  assumed  existence  of  the  interface  is  part  of  the 
model.  However,  when  the  question  is  about  experimental  or  CFD  data,  where 
temperature  is  measured/calculated  in  discrete  number  of  points,  there  is  no  general 
consensus  about  the  correct  calculation  method  for  the  interface  height. 

Kawagoe  (1958)  presented  a one-zone  model  for  a post  fiashover  fire  with 
ventilation  to  ambient  and  discovered  that  the  flow  rate  was  proportional  to  the  vent 

factor  Ayfn  . The  two-layer  concept  was  introduced  by  Thomas  et  al.  (1963)  who 
presented  the  relationships  of  the  layer  heights,  temperatures  and  the  flow  rates. 
Prahl  and  Emmons  (1975)  and  Rockett  (1976)  further  studied  the  hydrodynamic  vent 
flows  and  presented  the  relationships  between  the  interface  and  neutral  plane  heights 
and  the  mass  flows  in/out  of  the  vent.  A careful  presentation  of  the  flow  equations  in 
the  vent  has  been  given  by  Tanaka  (1978),  later  included  in  zone  model  code  BRI2 
(Tanaka  & Nakamura  1989).  More  recent  reviews  about  the  subject  have  been  given 
by  Thomas  (1992)  and  Cox  (1995). 

In  principle,  when  the  fire  is  sufficiently  small  compared  to  the  size  of  the 
compartment  two  layers  will  form.  The  height  of  the  layer  interface  can  be  found  by 
determing  the  inflection  point  of  the  vertical  temperature  profile.  However,  in  the 
case  of  a relatively  strong  fire,  as  is  the  situation  in  the  present  scenarios,  a single 
layer  may  form,  with  very  small  vertical  temperature  gradients.  This  is  demonstrated 
in  Figure  4 showing  the  development  of  the  vertical  temperature  profiles  inside  the 
compartment  in  B3.  Each  line  represents  one  time  point.  The  absolute  level  of  the 
temperature  has  been  removed  for  linear  presentation  by  transformation  using: 

nz,.t)=T(z^^,t)+t,  (1) 

where  T is  in  °C  and  t in  minutes.  It  can  be  seen  that  the  development  of  the  hot  layer 
is  clear  up  to  the  20  minutes  or  fiashover,  after  which  the  difference  between  the 
uppermost  and  lowest  measurement  is  small  and  no  large  gradient  exists,  not  to 
mention  a true  discontinuity  assumed  in  the  papers  of  Thomas  et  al.  (1963)  and 
Rockett  (1976). 
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One  of  the  most  common  methods  to  determine  the  interface  height  is  to  use  the  so- 
called  N percent  rule,  suggested  by  Cooper  et  al.  (1982).  The  interface  height  at  time 
t is  defined  to  be  the  elevation  z,  at  which  the  temperature  first  satisfies 


Time  (min) 


Figure  4 . Mean  temperature  profiles  during  the  experiment  B3. 

nz,d)-T^m,  _ N (2) 

nz,^pd)-T^  100’ 

In  the  literature  the  values  suggested  for  N range  from  10  to  20.  The  method  was 
applied  to  the  current  scenarios  with  a value  of  = 15.  The  average  temperatures  in 
the  upper  and  lower  layers  were  then  calculated  as  mean  values  of  the  measurements 
in  the  upper  and  lower  sides  of  z- , respectively.  In  cases  where  z,  = 0 the  lower 
layer  temperatures  are  meaningless. 


Mathematically  the  question  is:  “How  to  calculate  three  unknown  variables,  z, , 
and  , from  the  series  of  temperature  measurements  at  discrete  number  of  heights?” 
Quintiere  et  al.  (1984)  introduced  a method  to  calculate  the  upper  layer  temperature 
Ty  as  an  arithmetic  average  of  the  upper  thermocouple  readings.  One  then  solves  z, 

and  from  integral  equations 


n 

jnz)dz  = (H-z,)T^+z,T^, 


(3) 


J 


dz 

T(z) 


= iH-z,)—  + z, 


(4) 


where  H is  the  ceiling  height.  Equation  (3)  describes  the  mathematical  averaging 
procedure  of  the  zone  model,  but  has  no  physical  meaning,  although  it  is  quite  close 
to  the  requirement  for  enthalpy  equivalency.  Equation  (4)  is  a requirement  for  mass 
equivalency. 


The  goal  of  this  experimental  data  reduction  is  to  produce  data  that  can  be  directly 
compared  with  the  zone  model  results.  The  applied  calculation  method  should 
therefore  be  able  to  give  interface  height  and  average  temperatures  that  produce  the 
same  hydraulic  flows  as  the  zone  models.  Janssens  and  Tran  (1992)  introduced  a 
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method  that  combined  the  mass  flow  equations  of  Prahl  and  Emmons  (1975)  and 
Rockett  (1976)  with  the  mass  integral  (4).  The  problem  of  this  method  was  that  at 
high  temperatures,  the  mass  flow  out  of  the  vent  is  very  insensitive  to  small  changes 
of  temperature  and  the  mathematical  solution  of  the  system  became  difficult.  They 
also  presented  an  alternative  method  where  the  interface  height  was  taken  from  the 
inflection  point  of  the  temperature  profile.  As  their  example  cases  had  clear  layer 
structures  they  had  good  results  but  here  this  method  can  not  be  applied. 


For  the  round  robin  comparison  the  following  procedure  was  used: 

1.  The  lower  layer  temperature  7^  is  taken  to  be  the  average  of  the  thermocouple 
readings  of  the  lowest  measurement  points. 

2.  The  interface  height  and  upper  layer  temperature  were  solved  from  the  integral 
equations  (3)  and  (4).  Combining  these  equations  gave  expression  for  the 
interface  height 


3. 


= 


T,{lrh-H^) 

I,+I,Tl-2T,H 


(5) 


where 

H 


0 

The  problem  of  this  method  is  the  calculation  of  integrals  (6)  using  relatively  few 
measurement  points.  Interface  heights  calculated  by  this  method  will  be  presented 
together  with  those  calculated  with  the  A-percent  rule  with  A =15. 


n 

and  ^2  = J 


dz 

i nz) 


(6) 


Shortly  after  these  analyses  were  made  He  at  al.  (1998)  treated  the  problem  in  a 
through  way.  They  also  concluded  the  N-percent  rule  results  deviated  from  the  two, 
methods  to  define  the  layer  height:  integral  ratio  method  (given  by  equations  (3)  and 
(4))  and  a more  refined  least  squares  method.  The  algorithm  of  CFAST  produced 
data  close  to  integral  ratio  and  least  squares  methods. 


PARTICIPANTS 

CFAST 

The  model  code  CFAST  comes  from  the  package  HAZARD  I,  developed  at  NIST 
(Peacock  et  al.  1997).  CFAST  was  used  by  Jason  D.  Averill  from  NIST,  Petra 
Buttner  from  Hosser,  Hass  & Partner  (HHP)  and  Daniel  Joyeux  from  Centre 
Technique  Industriel  de  la  Construction  Metallique  (CTI). 

Version:  2.21  (HHP  and  CTI)  and  3.1  (NIST) 

Physical  models: 

• Multi-room  two  layer  model 

• McCaffrey  entrainment  law 

• Pyrolysis  / Heat  release  rate  given  by  user 

• Maintained  carbon-hydrogen-oxygen  balance 

• Ceiling-floor  and  inter  compartment  heat  transfer 
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FIRST 

The  model  code  FIRST  (FIRe  Simulation  Technique)  was  developed  at  the  National 
Bureau  of  Standards  (NBS),  (Mitler  & Rockett  1987).  During  the  round  robin  it  was 
used  by  Daniel  Joyeux  from  CTI. 

Version:  September  1987 
Physical  models: 

• One  compartment  two  zone  model 

Several  plume  models:  Morton-Taylor-Tumer  (virtual  and  fire  base  source  points), 
McCaffrey,  Zukoski,  Delichatsios  and  Kawagoe 


RESULTS 

For  shortness  in  this  paper  only  subscenario  B 1 is  presented.  Results  are  similar  from 
other  scenarios  described  in  the  full  paper  (Hostikka  & Keski-Rahkonen  2002). 

Comparisons  of  the  measured  and  calculated  interface  heights  are  shown  in  Figure  5. 
Calculation  results  for  two  different  methods  are  presented:  the  15  %-rule  in 
Equation  (3)  and  the  density  integral  method  in  Equation  (5).  The  quality  of  the 
agreement  between  the  measurements  and  the  calculations  depends  on  the  method 
used.  As  mentioned  before,  in  this  subscenario,  the  existence  of  an  interface  is 
questionable  due  to  the  very  small  vertical  temperature  gradients.  The  following 
observations  can  be  made: 

There  is  a lot  of  deviation  between  both  the  different  CFAST  curves  and  between  the 
CFAST  simulations  and  the  measurements.  Only  NIST  and  HHP’s  open  round 
simulations  are  close  to  each  other  during  the  first  60  minutes. 


CFAST  show  very  high  interface  heights  where  the  height  of  the  base  of  the  flame 
was  assumed  by  the  modellers  to  be  1.4  m. 
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Figures.  Comparison  of  interface  heights  given  by  CFAST  zone  model  and 
measurements  in  subscenario  BL  The  major  change  in  the  HHP- simulations  was  the 
different  base  of  the  flame  height. 


CFAST 

CTI 

The  comparison  between  calculations  with  CFAST  and  experimental  results 
indicates  in  a first  approach  rather  bad  calculations  results.  This  is  the  results  of  the 
fact  that  a lower  (cold)  zone  has  to  exist  during  calculations  while  the  experimental 
data  do  not  imply  that.  The  calculation  results  of  the  upper  layer  temperature  are 
always  higher  than  the  measured,  with  300  or  400  °C.  According  to  author,  this  result 
is  a good  result  because  such  codes  have  to  be  used  for  fire  safety  calculations,  their 
results  have  to  be  in  a safe  side.  According  to  the  author  a more  convenient 
comparison  could  be  made  by  calculating  a mean  temperature  of  the  whole 
compartment,  ie.  by  using  a one  zone  model.  However,  a two  zone  model  as  CFAST 
can  also  be  used  and  can  give  good  temperature  results  as  an  envelop  of  the 
experimental  results. 

HHP 

There  is  a great  deviation  between  experimental  and  measured  data  especially 
concerning  the  interface  height  and  the  species  concentrations.  While  the 
experiments  show  a room  which  remains  nearly  completely  filled  with  the  smoke 
layer,  the  code  calculates  an  increasing  interface  height  after  the  burning  peaks.  In 
B1  the  interface  height  calculation  results  were  enhanced  when  the  height  of  the 
flame  basis  was  decreased.  The  deviation  may  also  be  caused  by  the  15%-rule  used 
for  the  experimental  determination  of  the  interface  height. 

The  maximum  temperatures  of  the  upper  layer  show  a good  agreement  with  the 
measured  values.  In  this  field  the  code  shows  a sufficient  accuracy.  The  calculated 
upper  layer  temperatures  are  somewhat  higher  than  the  measured  ones  but  this  is 
consistent  to  the  fact,  that,  according  to  the  calculations,  a part  of  the  room  (the  lower 
layer)  has  only  temperatures  between  200  and  400  °C. 
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The  measured  O2  concentration  is  well  approximated  by  the  calculation,  whereas 
there  are  some  differences  concerning  the  concentrations  of  CO  and  CO2.  Especially 
the  CO  production  is  strongly  depending  of  the  course  of  the  fire  and  difficult  to 
predict. 


FIRST 

Simulation  of  the  scenario  B was  not  possible  with  the  Delitchatsios  and  Kawagoe 
air  entrainment  models.  The  run  with  Zukoski  model  did  not  converge.  The  Morton- 
Taylor  models  and  the  McCaffrey  models  gave  results  and  converged  all  along  the 
simulations.  The  results  obtained  with  the  three  models  were  rather  similar.  The 
reported  results  were  given  using  the  McCaffrey  model. 

The  comparison  between  calculations  with  FIRST  (Figure  6)  and  experimental 
results  indicated  very  bad  results  as  the  scenarios  were  not  very  good  applications  for 
a two  zone  model.  In  terms  of  interface  height,  as  the  two  zone  model  needs  a lower 
zone,  the  lower  zone  had  to  exits  in  all  three  subscenarios.  The  upper  layer 
temperatures  were  always  lower  than  the  experimental  ones.  A difference  of  about 
200°C  between  measured  and  calculated  temperature  was  generally  obtained  in  the 
upper  layer  temperature  comparison. 

The  oxygen  concentration  calculations  are  rather  closed  to  experiments  but  the 
carbon  dioxide  calculations  under-estimate  the  experimental  results.  This  happened 
partially  because  the  calculation  results  were  given  in  mass  fractions  but  the 
experimental  data  in  mole  (volume)  fractions. 


Figure  6.  Comparison  of  interface  heights  given  by  FIRST  and  FLAMME-S  zone 
models  and  measurements  in  subscenario  Bl. 

Comparison  of  the  measured  and  calculated  upper  layer  temperatures  are  shown  in 
Figures  7 and  8.  The  limits  of  the  temperature  averaging  are  based  on  the  interface 
heights  calculated  by  the  15%-rule.  However,  the  method  used  for  the  interface 
calculation  had  very  little  effect  on  the  averaged  temperatures.  Effects  of  the 
radiation  on  the  operation  of  thermocouples  were  not  considered.  Below  are  listed 
the  visual  observations  concerning  the  comparison. 
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CFAST  calculations  by  HHP  show  a very  good  agreement  with  the  measured 
temperature  during  the  first  50  minutes.  CTI  and  NIST  in  turn  achieved  considerable 
over-  and  underestimations  of  the  maximum  temperatures,  respectively. 

FIRST  show  good  agreement  during  the  first  25  minutes.  After  that  FIRST  starts  to 
underpredict. 


Figure  7.  Comparison  of  upper  layer  temperatures  given  by  CFAST  zone  model  and 
measurements  in  subscenario  Bl. 


Figure  8.  Comparison  of  upper  layer  temperatures  given  by  FIRST,  FLAMME_S  and 
CISNV  zone  models  and  measurements  in  subscenario  BL 
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GODNESS  DETERMINATION  OF  THE  RESULTS 

Based  on  the  previous  sections  one  can  say,  that  each  of  the  codes  reproduces  the 
qualitative  behaviour  of  the  layer  height  and  upper  layer  gas  temperature.  It  is  not 
easy  to  see  from  the  tens  of  plots,  which  of  the  codes  performed  better  than  the  other 
ones.  A summary  of  the  calculation  results  of  the  two-zone  models  is  here  given  to 
facilitate  making  conclusions.  The  purpose  of  the  summary  is  not  to  judge  or  rank  the 
codes,  but  to  estimate  the  state  of  the  art  of  the  technology.  Since  the  user  seems  to 
be  the  biggest  source  of  error,  it  is  reasonable  to  try  to  decouple  the  effects  due  to  the 
user  and  due  to  the  code  itself.  Therefore,  only  the  simulation,  that  seemed  to  have 
the  best  overall  agreement  with  the  measurements,  was  selected  for  the  summary. 
Here  no  distinction  was  made  between  the  blind  and  open  calculations.  The  summary 
cannot  be  complete,  because  some  of  the  codes  were  used  by  only  one  participant.  In 
these  cases  the  comments  of  the  participants  should  be  taken  into  account  to  decide 
whether  the  simulation  is  representative  or  not. 

Goodness  of  fit  by  formal  methods  like  least  squares  analysis  of  multivariable 
functional  relationships  or  any  alternative  test  is  not  yet  worthwhile.  Pearson  has 
shown  (Cramer  1946)  squares  of  differences  in  the  form 


where  / is  the  normalized  function  in  points  i to  be  compared  against  function  g in 
the  corresponding  points,  become  -distributed  with  N-1  degrees  of  freedom,  if  the 
weights  are  chosen  as  inverse  square  roots  of  functions  g 


z'='Z 


Si 


(8) 


Formula  (8)  is  a starting  point  for  nonlinear  curve  fitting  by  minimum  method 
(Abramowitz  & Stegun  1972).  A successful  application  of  this  method  in  a noisy 
environment  is  described  in  Routti  & Prussin  (1969). 

If  we  cannot  be  sure,  that  the  difference  fi  -gi  is  not  totally  random  and  normally 
distributes,  there  is  not  much  point  of  using  x^  -distributions  for  comparison.  To  get 
a simple  quantitative  measure  for  the  goodness  of  predictions  in  ad  hoc  manner, 
relative  error  indicators  were  calculated.  For  the  upper  layer  temperature  the  variable 
to  consider  is  the  temperature  rise  from  the  initial  value  6 (t)  -T (t)  -T(0) . The 
thickness  of  the  smoke  layer  hsmoke  and  the  depletion  in  the  oxygen  concentration  AO2 
were  used  to  measure  the  goodness  of  the  interface  height  and  species  predictions, 
respectively.  Interface  height  was  here  calculated  using  the  density  integral  method. 

The  simplest  way  would  be  to  calculate  the  average  of  the  relative  value  of  absolute 
deviation 

100% 


(9) 
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where  U is  the  simulation  time,  ds  is  the  simulation  result  and  dm  is  the  measured 
value.  For  applications  in  fire  safety  engineering  this  indicator  alone  would  be  rather 
misleading,  since  errors  at  irrelevant  times  would  gain  much  weight.  For  evaluating 
the  suitability  of  the  technology  for  design  purposes  indicators  are  needed  which  give 
weight  for  those  values  indicative  for  dimensioning.  As  for  the  selected  variables  the 
large  values  are  important,  a weighted  average  Emax  is  defined,  where  the  relative 
error  weighted  by  the  measured  value. 


E 


max 


= 100%- 


(10) 


= 100%  • -2—;^ 

0 

If  low  values  are  important  for  design,  then  the  weighting  by  small  values,  like  the 
inverse  of  the  measured  value,  would  be  appropriate. 


The  results  are  given  in  Table  2 for  each  code-scenario  combination  calculated.  The 
accuracy  of  the  upper  layer  temperature  predictions  ranges  from  17  to  42  %.  Smoke 
layer  heights  vary  from  20  to  65%,  and  oxygen  depletion  from  7 to  76%.  It  is 
possible  to  make  some  conclusions  of  the  mutual  order  of  the  codes,  but  the  order  of 
best  codes  varies  from  scenario  to  scenario.  Based  on  the  experience  from  these 
simulations  we  could  conclude  that  two-zone  models  predict  e.g.  heating  of 
structures  for  these  types  of  fire  scenarios  at  best  at  20  % level  of  accuracy,  if  used 
properly.  The  technology  on  smoke  layer  height  and  oxygen  depletion  prediction  is, 
on  the  average,  shghtly  more  inaccurate  than  for  temperatures.  CFAST  and  FIRST 
performe  better  than  average. 


Table  2.  Mean  relative  errors  Emax  (%)  of  the  two-zone  model  results.  ARG  - Argos, 
CFA  = CFAST,  MRF  = MRFC,  FIG  = FIGARO,  FW  = FIREWIND,  FST  = FIRST, 
FLS  = FLAMME-S,  FIS  = FISBA. 


Code 

Variable 

ARG 

CFA 

MRF 

FIG 

FW 

FST 

FLS 

ns 

Average 

TupBl 

25 

13 

14 

14 

21 

21 

48 

26 

23 

TupBl 

27 

27 

25 

26 

NA 

15 

36 

33 

27 

32 

10 

20 

12 

NA 

NA 

41 

35 

25 

Average 

28 

17 

20 

17 

21 

18 

42 

32 

24 

hsmoke  B 1 

72 

23 

14 

27 

20 

19 

25 

19 

27 

h smoke  B2 

69 

62 

81 

88 

NA 

86 

70 

65 

74 

hsmoke  B3 

54 

36 

10 

28 

NA 

NA 

51 

32 

35 

Average 

65 

40 

35 

48 

20 

52 

49 

39 

43 

AOjBl® 

3.3 

2.7 

2.0 

3.0 

7.4 

1.7 

1.1 

1.8 

3 

AO2  B2 

37 

38 

36 

31 

NA 

54 

53 

38 

41 

AO2B3 

31 

34 

42 

43 

NA 

NA 

175 

67 

65 

Average 

24 

25 

27 

26 

7 

28 

76 

36 

31 

Only  the  first  20  minutes  are  taken  into  account 
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CONCLUSIONS 

A group  of  fire  models  was  evaluated  in  the  compartment  fire  scenario  by  comparing 
the  simulations  against  the  experimental  results.  The  main  limitations  of  the 
evaluation  are  due  to  the  type  of  the  fu-es,  that  were  not  well  suited  for  the  zone 
models,  and  due  to  the  limited  resources  of  both  the  participants  and  the  organisers  of 
the  round  robin.  This  report  should  not  be  considered  as  a thorough  validation  or 
ranking  of  the  codes  or  the  users. 

All  of  the  codes  had  features  that  indicated  a discrepancy  with  the  experimental  data 
in  the  blind  simulations,  but  which  could  be  improved  during  the  open  round  by 
choosing  alternate  submodels  and/or  changing  some  optional  parameters.  According 
to  the  summary  of  the  quantitative  error  estimates  the  deviations  from  the 
experimental  data  range  from  ±10  % up  to  a factor  of  2.  These  deviations  are  of  the 
same  order  with  the  uncertainties  related  to  the  experimental  measurements  and  input 
data,  especially  the  burning  rate.  The  conclusion  is  that,  for  this  kind  of  fire 
scenarios,  the  expected  uncertainty  of  the  zone  models  is  about  25  % in  temperature 
and  smoke  layer  height  predictions,  if  the  codes  are  used  properly.  Where  several 
persons  used  the  same  code,  the  dependence  of  the  results  on  the  user  was 
demonstrated  (not  detailed  here).  It  was  indicated  very  clearly,  that  the  user  is  the 
most  critical  link  in  the  chain  of  using  computer  fire  simulation  models  for  fire  safety 
engineering.  This  was  true  even  though  this  group  represented  code  developers,  and 
other  well  educated  fire  science  and  engineering  practitioners.  The  effect  is  expected 
to  be  much  more  pronounced  when  the  whole  group  of  computer  fire  code  users  is 
considered. 
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Abstract 


This  paper  present  the  principles  used  in  the  validation  and  verification  of  MAGIC  (EDF  Zone 
Model  for  simulation  of  fire  in  multi-compartment  building).  The  general  problem  of  validation 
of  zone  model  is  discussed:  validation  of  the  sub-model  (classic  laws,  empirical  correlation,..) 
and  validation  of  the  global  model.  Then  a short  presentation  of  MAGIC  validation  is  provided: 
principles,  list  of  references,  examples  and  future  prospects. 

Zone  model  approach  of  fire 

A zone  model  results  from  the  association  of  various  sub-models  : 

- Integration  of  classical  laws  of  physics 

- energy  and  mass  balance  on  different  layers  (homogeneous  temperature  and 
concentrations,  hydrostatic  pressure.  Perfect  Gas  assumption  , etc..). 

- simplified  conduction  in  walls  (1,  2 or  3D)  or  in  some  targets 

- simplified  radiation  (semi-transparent  assumptions  in  concave  rooms) 

- Semi-empirical  models  which  can  be  found  in  fire  source  , plume,  ceiling  jet,  convection 
heat  exchange  coefficient,  openings  and  vent,  detection,  suppression  etc.. 

Due  to  this  nature,  we  must  first  say  a few  words  about  sub-model  validation. 

Validation  of  the  sub-models 

The  General  laws  are  accepted  by  the  scientific  community.  Empirical  models  have  most  of  the 
time  been  directly  obtained  from  specific  experiment,  and  have  been  qualified  according  to  it. 
Both  have  shown  a certain  accuracy  and  validity  domain,  (ex:  Alpert  correlation  for  ceiling-jet 
was  studied  for  r/H<3).  The  control  of  the  right  use  of  it  must  be  done  inside  the  code  (for 
instance  : produce  "warnings"  when  getting  out  of  a validity  domain). 

So,  the  sub-model  validation  has  to  be  considered  during  the  zone-model  conception. 
Nevertheless,  a sub-model  used  outside  of  its  validity  domain  does  not  necessarily  mean  that  the 
global  code  results  will  not  be  acceptable.  Moreover  it  is  not  possible  to  deduce  the  accuracy  of  a 
code  from  its  component  ones.  For  those  reasons,  a global  validation  process  remains  always 
necessary  to  validate  the  zone  model  itself. 
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Validation  of  the  global  zone-model 

The  objectives  of  the  zone  model  validation  are  the  accuracy  of  the  calculation  data  and  the 
validity  domain.  Both  are  linked  : the  acceptable  accuracy  domain  is  the  validity  domain. 
Accuracy  of  the  code  seems  impossible  to  determine  theoretically,  but  it  can  be  displayed  by 
confrontation  to  experimental  fire,  and  estimated  by  this  means.  The  criterion  of  "sufficient" 
accuracy  themselves,  can  be  discussed. 

The  accuracy  of  a fire  model,  observed  by  comparison  to  experimental  fires,  remains  quite  rough 
because  too  many  parameters  are  involved  in  the  fire  process,  and  some  complex  phenomena 
(combustion,  mass  flow,  etc..)  cannot  be  completely  described.  Furthermore,  when  using  the 
model  in  a real  life  risk  study,  the  input  control  will  be  much  worse  and  will  interfere  with  the 
calculation  relevance. 

Consequently,  it  is  not  crucial  to  get  a very  high  level  of  accuracy  when  confronting  experimental 
and  numerical  results.  The  most  important  issues  are  to  show  that  the  code  provides  realistic 
quantitative  results  in  its  current  application_field  and  respects  the  qualitative  tendencies  in  the 
fire  dynamics  and  the  significant  effect  of  input  variations. 

In  fact,  the  validation  process  is  mainly  demonstrative  : it  has  to  prove  that,  when  the  input 
parameters  are  efficiently  controlled,  the  code  results  are  sufficiently  realistic,  in  the  range  of  the 
code  current  application  field.  To  make  the  demonstration  efficient,  the  way  of  using  the  code  in 
this  process  must  be  similar  to  the  way  it  is  used  for  typical  fire  risk  studies. 

Validation  "code  of  ethic" 

If  we  had  to  list  the  most  important  issues  of  a "good"  validation  process,  we  would  retain  : 
a-  The  quality  of  the  reference  tests  : 

To  be  demonstrative,  the  tests  must  be  well  known,  approved  and  accepted  by  the 
scientist  community.  Of  course,  the  quality  of  the  experiment  is  the  main  factor  of  this 
acceptance,  and  has  been  discussed  a lot  (ex:  ASTM  E603) 
b-  The  conditions  of  the  code  use: 

To  enhance  the  confidence  and  decrease  the  user  effect,  the  input  of  the  code  during  the 
test  must  be  clearly  identified. 

Any  user  modeling  choice  (fixed  exchange  coefficient.,  plume  model,  etc..)  specific  to  the 
calculation  must  be  identified,  or.  as  much  as  possible,  avoided. 
c - The  Field  covered  by  the  tests  : 

The  tests  should  cover  the  field  of  application  of  the  code.  First  building  configuration  : 
mall  to  medium  scale  compartment  configuration,  multi-compartment  and  large  scale  tests, 
opened  or  confined  condition  for  instance.  Also,  fire  parameters:  kinds  of  combustible,  heat 
release  rates,  etc.. 


The  validation  File  of  MAGIC 

MAGIC  is  EDF  code  for  determinist  fire  risk  studies  in  NPP.  The  validation  process  of  the  code 
is  based  on  comparison  to  real  scale  fires  : about  60  real  scale  fire  tests  are  available  in  the  base. 
The  file  is  used  to  define  the  validation  domain  of  the  code.  This  includes  volumes  from  10  to 
1300  m3  (a  200  000  m3  case  is  at  work),  heat  release  from  100  kW  to  2.5  MW  (a  60  MW  case  is  at 
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work) , ventilated  and  post-flashover  fires,  Mono-compartment  and  multi-compartment  varied 
configurations,  gas  burner,  liquid  pool  or  solid  fires,  linear  or  axisymetrical  fire  source. 

MAGIC  has  a large  validation  file,  including  among  others  the  following  references  : 

- Semi-natural  fires  in  a room:  Hognon  B.  CSTB/  DGRST-CSTE  1980  and  Carmier,  Curtat, 
Hognon,  Berlin  - CNRS  - CSTB  1984 

- Semi-natural  fire  in  a commercial  hall  corridor  : N.  C.  Markatox,  M.R.  Malin  “Int  J Heat 
transfer"  Vol.  25  n°  1 p.  63-75  BRE/FRS  1986 

- Fires  in  ventilated  room:  (Alvares  N.J.,  Hasegawa  H.K.,  Lipska.Quin  A.E.)  Report  UCRL- 
53179,  LLNL,  Univ.  of  California,  Livermore  1982 

- Fire  in  a compartimented  building  (Cooper  L.Y&  al.)  J.  of  Heat  Transfer  vol.  104  pp  714-749 
NBS  (1982) 

- Real-size  tests  in  multi-compartimented  buildings  : R.D  Peacock,  S.  Davis,  V.  Babraukas 
"Data  for  room  Model  Comparisons",  Journal  of  research  of  the  NIST,  vol  96,  N°4, 1991. 

- Control-room  tests  FM/SNL  : S.  Nowlen  NUREG/CR-4681  1987 

- 20-foot  separation  tests  UL/SNL  : NUREG/CR-3 192  1983 

- Large  cable  fire  tests  (2  compartiments)  EDF-CNPP  : CNPP  TR  96  5045  PI  -1997 

- CTICM  Hotel-room  : H.  Lebotgne  Test  reprt  96S51 1 (1996)  Linen-room  (2  compartments, 
post-flashover):  H.  Leborgne  TR  97S031  (97)  Large  hall  tests  : TR  98-X-406  (97) ; TR  94-R- 
242  (94) 

MAGIC  Code  quality  assurance 

In  accordance  with  the  code  Quality  Assurance  process,  a selection  of  about  20  tests  from  the 
validation  file  is  used  systematically  to  guarantee  no  regression  of  new  versions.  Any  difference 
between  versions  must  be  justified  in  the  validation  report.  The  code  is  always  in  standard 
conditions  when  launching  the  reference  tests.  The  validation  process  report  is  part  of  the 
documentation  and  the  tests  can  be  easily  re-played  by  the  user. 

At  this  point  it  is  important  to  underline  the  differences  between  verification  and  validation  of  the 
code  : the  verification  of  the  code  specification  consists  in  controlling  the  respect  of  sub-model 
specifications,  the  different  parts  (user  interface  functionalities,  calculation  options,  etc..).  It  is  a 
different  task  than  validation,  also  done  through  the  MAGIC  code  Assurance  Quality  process. 
This  aspect  must  not  be  neglected  because  the  validation  tests  are  not  necessary  covering  all  the 
code  possibilities. 

Direct  comparison  of  numerical  and  experimental  data 

The  model  necessary  input  for  comparison  are  : the  building  materials  and  configuration, 
boundary  conditions,  the  combustible  properties  and  location  and  the  mass  loss  rate  scenario. 

The  commonly  available  data  for  comparison  are  (in  decreasing  frequency) : local  temperatures, 
average  temperatures,  heat  exchanges  on  targets  obtained  on  fluxmeters,  interface  height  (which 
estimation  may  follow  different  point  of  view)  gas  velocities,  species  concentrations  (O2,  CO2, 
CO,  CnHm  NOx,  SOx,..),  pressure,  mass  flow  through  openings. 

The  first  comparison  is  generally  done  on  gas  temperature  and  fluxes,  considering  at  less  the 
range  and  delay  of  the  peaks.  Those  variables  represent  the  thermal  boundary  condition  for  the 
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materials  to  protect.  Nevertheless,  they  are  not  easy  to  obtain,  being  very  unstable,  linked  to  mass 
flows  and  radiation.  In  some  cases  it  seems  that  internal  temperature  of  targets  could  be  an 
interesting  alternative  to  develop.  The  other  measurements  are  less  frequent,  some  like  pressure 
or  mass  flows  are  rarely  provided. 

The  comparison  is  first  a "visual"  analysis  of  differences.  Numerical  analysis  can  be  done,  based 
on  relative  difference  (ex:  (Tmes-Tcalc)/  (Tmes-To)  as  a error  percentage).  Sensitivity  to  input 
variation  has  been  done  in  the  process  of  qualifying  the  physic  model  adjustments. 


figure  1:  comparison  of  numerical  and  experimental  data 


Future  prospects 

The  validation  process  of  code  MAGIC  is  in  constant  progress.  The  file  is  to  be  reinforced  by 
tests  focusing  targets  temperature.  Those  variables  fluctuate  less  than  gas  temperature  and  are  more 
relevant  for  risk  studies  (dysfunction,  ignition).  Tests  are  to  be  done  in  2002.  Pressure  measurement 
and  interaction  with  ventilation  system  will  be  studied  through  specific  tests,  also  programmed  in 
2002.  The  next  field  of  investigation  should  concern  fire  suppression  effect  and  complex  multi- 
room configurations  : horizontal  openings  and  duck-board. 

Conclusion  of  EOF  experience 

The  validation  file  is  the  key  of  code  acceptance.  Comparison  to  real-size  and  a large  field  of 
experiment  data  is  the  only  way  to  guarantee  an  efficient  demonstration  of  the  code  efficiency. 
The  experimental  tests  and  measurement  must  be  of  good  quality,  available  to  and  accepted  by  the 
scientific  community.  At  last,  the  process  of  code  validation  must  be  independent  of  modeling  choices  and 
available  to  the  final  user. 

The  results  obtained  with  MAGIC  on  a selection  of  experimental  data  has  allowed  us  to  get 
confident  for  its  use  in  a large  range  of  volumes,  heat  release  and  configurations. 
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Introduction 

Implementing  performance-based  regulations  require  the  presence  of  analytical  tools  and 
analytical  methods  [1].  In  the  case  of  fire  safety  regulation,  there  are  three  categories  of  tools  available 
for  demonstrating  the  performance  of  a structure  and  its  fire  protection  systems  [2].  These  categories 
include  hand  calculations,  lumped-parameter  models,  and  field  models.  For  most  scenarios,  one  of  the 
first  two  methods  should  be  all  that  is  required  to  demonstrate  performance.  However,  there  will  be 
instances  where  neither  of  the  first  two  methods  will  be  enough.  Situations,  for  example,  with  highly 
complex  geometry  or  where  detailed  knowledge  of  spatial  effects  are  needed  may  require  the  use  of  field 
models.  In  some  sense,  this  is  unfortunate,  since  the  use  of  field  models  requires  a much  large 
expenditure  in  terms  of  both  time  and  computational  resources  [3].  However,  the  time  required  to  use  a 
field  model  can  be  greatly  reduced  by  the  use  of  a multi-block  solution  scheme.  To  demonstrate  the 
potential  of  a multi-block  field  model  for  fire  simulation,  a multi-block  version  of  FDS  was  used  to 
simulate  a portion  of  an  oil  pool  fire  experiment  that  took  place  in  the  HDR  facility  in  Germany  [4]. 

HDR  Facility 

The  HDR  test  facility  [slide  7]  was  the  containment  building  from  a decommissioned  nuclear 
reactor  in  Germany.  The  facility  was  a cylinder  20  m in  diameter  and  50  m in  height  and  was  topped  by  a 
10  m radius  hemispherical  dome.  The  facility  had  eight  levels  and  over  60  compartments.  Multiple 
vertical  flowpaths  were  present  in  the  form  of  two  axially  located  sets  of  equipment  hatches,  two 
staircases,  and  an  elevator  shaft.  The  total  free  air  volume  in  the  facility  was  11,000  m^  of  which  the 
dome  contained  4,800  m^  [5]. 

The  test  simulated  for  this  work  is  test  T52.14  [slides  8-11]  an  oil  pool  fire  test  done  in  1987  that 
occurred  on  the  level  below  the  dome.  The  T52.14  test  used  a 2 m^  pool  of  Shellsol-T,  a liquid 
hydrocarbon,  placed  on  a weighing  platform  in  a firebrick  lined  compartment  beneath  the  dome.  This 
compartment  was  connected  to  a second  firebrick  lined  compartment  beneath  one  of  the  equipment 
hatches.  The  hatches  both  above,  leading  to  the  dome,  and  below  this  compartment  were  open.  The  test 
started  by  igniting  50  liters  of  oil  followed  by  adding  additional  oil  at  a rate  of  5.6  L/min  once  the  initial 
volume  nearly  depleted  as  determined  by  the  weighing  platform.  The  entire  facility  was  instrumented 
with  56  velocity  sensors,  155  thermocouples,  and  43  gas  sampling  lines  [5]. 

Multi-block  FDS 

FDS,  Fire  Dynamics  Simulator  [slide  3]  has  recently  been  released  as  version  2 by  the  National 
Institute  of  Standards  and  Technology  [6].  FDS  is  a CFD  model  that  solves  the  low-Mach  number  form 
of  the  Navier  Stokes  equations  using  a Smagorinski  turbulence  model.  The  FDS  uses  a simple  mixture 
fraction  combustion  model  [7]  where  the  user  can  define  basic  parameters  of  the  fuel  chemistry.  The  FDS 
radiation  model  is  a finite  volume  method  radiation  solver  for  the  gray  gas  radiation  transport  equation 
[8].  RADCAL  [9],  a narrow  band  radiation  model,  is  used  to  determine  absorption  coefficients  based  on 
the  local  mixture  fraction  and  temperature.  In  both  version  1 and  version  2 of  FDS,  a single-block  solver 
was  implemented. 


C-77 


Single-block  solvers  [slide  4],  common  in  many  field  models,  use  one  computational  grid  that 
spans  the  entire  domain  of  interest.  For  many  fire  problems,  this  is  an  efficient  method  of  defining  the 
computation.  In  fire  simulation,  a lower  grid  resolution  is  needed  to  track  smoke  movement  than  is 
required  to  adequately  simulate  the  region  of  active  combustion.  Thus,  with  one  grid  being  used,  the 
requirement  to  finely  node  the  fire  means  that  many  more  cells  than  necessary  are  located  in  regions 
where  only  smoke  transport  is  occurring  [slide  5].  Also,  if  more  than  one  compartment  is  being 
simulated,  than  there  is  the  potential  for  many  grid  cells  to  be  defined  as  dead  space  in  order  to  encompass 
the  compartments  [slide  6].  Both  situations,  large  numbers  of  dead  cells  or  higher  than  needed  resolution, 
increase  both  the  time  required  for  a computation  and  the  computational  resources  needed. 

In  a multi-block  solver,  the  user  may  define  more  than  one  computational  grid.  Thus  a fine  grid 
could  be  defined  for  the  region  of  combustion  and  a coarser  grid  defined  for  non-combusting  regions. 
Also  each  compartment  could  have  a separate  grid  defined  for  it,  eliminating  the  need  to  carry  a large 
number  of  dead  cells.  However,  as  with  many  numerical  schemes,  while  multi-block  solvers  remove 
some  computational  effort  by  eliminating  grid  cells,  they  do  increase  the  overall  computational  overhead 
for  a problem.  This  is  because  the  solver  must  expend  effort  to  share  information  between  grids  at  then- 
shared  boundaries.  This  extra  effort,  however,  can  be  easily  outweighed  by  the  time  saved  be  reducing 
the  number  of  nodes.  As  part  of  the  development  effort  for  the  next  release  of  FDS,  a multi-block  solver 
has  been  added. 

Multi-block  FDS  Model  of  HDR  Test  T52.14 

The  T52.14  test  was  simulated  using  a multi-block  version  of  FDS.  The  region  modeled  included 
the  entire  dome  and  the  two  firebrick  lined  compartments  on  the  level  beneath  the  dome,  slides  17  and  18. 
An  open  vent  located  beneath  the  room  adjacent  to  the  fire  room  and  in  the  dome  floor  opposite  the  fire 
room  simulate  the  connections  to  the  remainder  of  the  HDR  facility.  A reasonable  nodding  of  the  fire 
room  entails  using  grid  cells  on  the  order  of  10  cm  in  size.  Since  the  computational  domain  is  20  m x 20 
m X 26  m,  this  would  require  over  1.2  million  grid  cells.  However,  this  would  result  in  many  dead  cells  as 
only  a small  fraction  of  the  space  beneath  the  dome  is  being  simulated,  the  fire  room  and  its  adjacent 
space.  Also,  in  the  dome  there  is  no  combustion  occurring.  Thus,  the  dome  does  not  need  to  be  as 
densely  noded  as  the  other  two  compartments.  Instead  three  grids  were  used:  one  for  the  fire  room,  one 
for  the  room  adjacent  to  the  fire  room,  and  one  for  the  dome.  The  first  two  grids  had  a 10  cm  resolution 
and  the  dome  grid  had  a 25  cm  resolution.  This  resulted  in  the  use  of  600,000  grid  cells,  a savings  of 
50%.  A second  FDS  run  was  performed  with  a grid  at  Va  the  linear  resolution,  [slides  13,14] 

The  FDS  simulation  was  done  for  the  steady-state  portion  of  the  test  and  was  run  until 
temperatures  at  the  upper  dome  measurement  grid  were  observed  to  reach  a quasi-steady  state  solution. 
Both  cases  were  run  on  a 2.2  GHz,  Pentium  IV,  Linux  machine.  The  full  resolution  case  required  7.5 
minutes  of  CPU  time  to  one  second  of  realtime,  and  the  ¥4  resolution  case  required  2.5  minutes/s.  [slide 
15] 

Results 

Computational  results  of  the  two  models  show  that  the  multi-block  version  of  FDS  performs  well 
for  a number  of  parameters.  FDS  results  for  the  fire  room  [slide  16]  compared  to  both  the  collected  data 
and  some  hand  calculations  show  that  FDS  is  accurately  predicting  the  major  conditions  of  the  fire  room. 
One  great  advantage  of  a field  model,  the  ability  to  generate  3D  data  for  visualization  can  be  seen  in  the 
image  showing  the  calculated  flame  sheet  superimposed  on  a temperature  contour  centered  over  the  pool 
of  oil  [slide  17].  This  image  shows  that  the  flame  sheet  is  entirely  within  the  room;  however,  with  the  fire 
size  being  simulated  one  would  expect  that  external  burning  would  be  occurring.  FDS  would  appear  to 
be  under  predicting  the  flame  lengths.  In  the  door  way,  FDS  matches  well  the  measured  velocity  profiles; 
however,  temperatures  are  not  as  well  predicted  in  this  location  [slide  18].  The  measured  data  shows 
flame  temperatures,  which  would  suggest  external  burning.  Since  FDS  is  not  predicting  external  burning, 
its  doorway  temperatures  are  low.  An  animation  of  the  entire  plume  structure  shows  how  the  velocity  is 
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smoothly  continuous  across  all  three  grids  [slide  19].  An  indication  that  the  multi-block  solver  is 
handling  the  grid  transition  well. 

Comparisons  of  temperatures  in  the  hatch  leading  to  the  dome  show  that  FDS  is  underpredicting 
temperatures  at  this  location  by  100  K [slides  20,21]  and  that  FDS  is  predicting  the  plume  in  a slightly 
different  location  in  the  hatch.  The  velocities,  however,  appear  to  be  reasonably  well  predicted  by  FDS 
[slide  22].  Some  of  these  differences  are  probably  due  to  the  external  boundary  conditions.  FDS 
simulates  these  as  open  boundaries,  whereas  in  the  HDR  facility  the  two  external  openings  were  actually 
hydrodynamically  coupled.  In  the  dome,  comparisons  of  temperatures  [slides  23,24]  show  that  FDS  is 
now  over  predicting  the  bulk  temperature  by  30-40  K,  but  matching  well  the  plume  center  temperature. 
This  may  be  due  to  FDS  not  transferring  enough  heat  to  the  dome  structures  as  compared  to  the  test.  The 
predicted  velocities  [slides  25,26]  indicate  that  FDS  is  predicting  a somewhat  narrower  plume,  which 
could  result  from  the  numerical  grid  and  a slightly  different  location  of  the  plume  centerline.  However, 
this  measurement  location  is  close  to  20  m from  the  fire,  and  the  FDS  plume  center  is  <2  m from  the 
position  given  by  the  data.  An  animation  of  the  plume  in  the  dome  is  shown,  [slide  27] 

Concluding  Remarks 

A multi-block  version  of  FDS  clearly  has  tremendous  potential  as  a tool  for  simulating  fires  in 
large,  multi-compartmented  structures.  The  current  prototype  version  maintains  well  flows  across  grid 
boundaries,  even  for  grids  of  varying  mesh  sizes.  Energy  fluxes  across  the  boundary  also  appear  to  be 
well  maintained.  Lastly,  FDS  was  able  to  accurately  predict  the  location  of  the  plume  after  20  m of  travel 
from  the  fuel  source. 
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NIST  Large  Fire  Laboratory 

George  W.  Mulholland  and  David  Stroup 

The  purpose  of  the  NIST  Large  Fire  Laboratory  (LFL)  is  to  apply  quantified  measurements,  real- 
time an^ysis,  and  large  area  diagnostics  to  validate  models  for  fire  phenomenon  including  fire 
dynamics,  detection,  and  suppression.  The  LFL  is  also  used  for  obtaining  product  yield  data  and 
HRR  data  for  model  input  for  fire  models  and  for  carrying  out  large  scale  tests  requiring 
specialized  instrumentation  and  data  interpretation.  An  overview  of  the  LFL  development, 
recent  experiments  and  planned  enhancements  will  be  described  below. 

Capabilities  of  the  Renovated  Exhaust  System 

In  2000,  the  exhaust  facility  for  our  large  scale  facility  was  upgraded  to  remove  smoke 
particulate  using  a baghouse  and  acid  gases  with  a scrubber.  In  addition,  the  exhaust  capacity  of 
the  facility  was  increased  more  than  20  fold  to  a flow  of  42  m^/s.  The  increased  flow  allows  fire 
experiments  to  be  carried  out  with  heat  release  rate  (HRR)  as  large  as  10  MW  for  the  9 m x 12  m 
hood.  This  is  near  the  peak  HRR  for  a small  house.  A 6 m x 6 m hood  is  available  for  fire  tests 
as  large  as  3 MW.  In  addition  there  are  two  smaller  hood  assemblies  with  dimensions  of  2.5  m 
X 2.5  m and  1.2  m x 1.2  m that  in  the  future  will  allow  smaller  bums  when  connected  to  the 
exhaust  system.  The  full  suite  of  hoods/exhaust  capabilities  will  allow  fire  experiments  ranging 
in  size  from  about  5 kW  to  transient  peak  HRRs  as  large  as  15  MW.  The  total  high  bay  floor 
space  for  enclosure  assemblies  is  9 m x 30  m.  The  height  of  the  base  of  the  9 x 12  m hood  is 
6.4  m allowing  fire  tests  for  a two  story  stmcture. 


Quantitative  HRR  Calorimetry 

The  heat  release  rate  (HRR)  is  the  single  most  important  quantity  characterizing  the  hazard 
resulting  from  the  burning  of  a given  fuel  package.  It  will  determine  the  temperature  within  the 
enclosure,  and  the  concentration  of  the  combustion  products  including  the  smoke  particulates 
and  the  toxic  gases  (CO  and  HCN)  will  be  proportional  to  the  HRR.  A major  focus  of  the  LFL 
for  the  past  two  years  has  been  the  accurate  measurement  of  HRR  including  a quantitative 
uncertainty  assessment. 

Our  method  is  based  on  oxygen  consumption  calorimetry.  The  scientific  basis  of  the  method  is 
that  the  HRR  is  proportional  to  the  oxygen  consumption  together  with  the  finding  that  for  most 
materials  found  in  buildings  the  heat  of  combustion  per  kg  of  oxygen  consumed,  is  13.1  MJ. 
The  equation  for  the  HRR  is  given  by^' 

Q^{,x'>{,02)-X(02)HcP(02)V 

where  X(02)  is  the  oxygen  mole  fraction,  p{02)  the  density  of  oxygen,  is  the  volumetric  flow  of 
ambient  air  into  the  combustion  zone.  There  are  a number  of  complications  in  performing 
quantitative  measurements.  First,  the  value  of  He  is  affected  by  incomplete  products  of 
combustion  such  as  CO.  Secondly,  the  exhaust  flow  is  measured  rather  than  the  inlet  ambient 
flow  and  the  flow  must  be  corrected  to  account  for  the  changes  in  stoichiometry  as  oxygen  is 
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consumed  and  CO,  CO2,  and  H2O  are  produced.  Thirdly,  the  uncertainty  in  the  measurement 
increases  for  small  fire  sizes  because  of  the  small  change  in  the  oxygen  concentration. 

Our  methodology  for  performing  the  measurements  is  to  collect  all  the  combustion  products  in 
the  6 m square  hood,  pass  the  flow  through  a flow  straightener,  measure  the  duct  flow  velocity  at 
eight  locations  using  bi-directional  probes,  and  sample  the  smoke  at  multiple  locations  using  a 
sampling  probe  cross.  A high  flow  diaphragm  pump  rapidly  directs  the  smoke  flow  to  the  O2, 
CO2,  and  CO  analyzers  from  the  sampling  location  on  the  roof  of  the  Laboratory  through  a 
heated  line  about  20  m to  the  instrumentation  room  on  the  first  floor.  The  moisture  is  removed 
with  a dry-ice  trap  before  the  gas  enters  the  analyzers.  There  is  approximately  a 15  s delay  from 
the  time  the  smoke  leaves  the  flame  until  the  gas  sample  is  detected  by  the  gas  analyzers  and  this 
delay  time  is  compensated  for  in  the  data  analysis.  During  the  upcoming  year  a helium  tracer  gas 
method  will  be  use  for  accurately  characterizing  the  duct  flow. 

Three  additional  capabilities  critical  to  enhancing  the  accuracy  and  usefulness  of  our  heat  release 
measurements  are  a calibration  burner,  a data  acquisition/control  system  capable  of  providing 
nearly  real-time  output,  and  a natural  gas  heat  of  combustion  “meter.” 

Calibration  Burner 

The  burner  consists  of  1 1 tubes  in  a 1.6  m x 1.2  m planar  array  with  holes  spaced  approximately 
every  2.5  cm  along  the  tubes  Valves  control  the  fuel  flow  to  various  sections  of  the  burner  so 
that  the  flame  dimensions  will  be  similar  to  that  of  a buoyancy  dominated  diffusion  flame  as  the 
flow  is  increased.  The  Fire  Dynamics  Simulation  Code  was  used  in  designing  the  burner.  The 
heat  of  combustion  of  the  natural  gas  used  by  burner  is  measured  by  an  accurate  gas  calorimeter. 
Other  important  design  features  are  the  use  of  industrial  control  devices  for  monitoring  and 
controlling  the  flow  rate  and  for  shutting  off  the  flow  if  the  flame  extinguishes.  The  flow 
monitoring  device  is  calibrated  at  the  NIST  flow  metering  facility.  The  burner  has  been 
successfully  tested  over  the  heat  release  range  from  50  kW  to  6 MW. 

Data  Acquisition  System 

A dual  processor  workstation  computer  with  National  Instruments^  hardware  has  been  assembled 
with  a Lab  VIEW  program  designed  to  compensate  for  different  measurement  times  to  achieve 
near  real-time  analysis  and  display  of  processed  data.  In  typical  use,  1 second  averages  for  60 
channels  are  scanned  at  200  Hz  during  a one  hour  test.  In  addition,  the  system  can  be  used  to 
control  the  fuel  flow  to  have  step  changes  or  quadratic  time  dependence  to  simulate  the  typical 
growth  rate  for  fires.  The  controlled  burner  and  the  heat  release  apparatus  has  been  used  for 
assessing  the  repeatability  of  the  HRR  calorimeter  for  fire  sizes  of  50  kW,  700  kW,  to  3 MW. 
The  hood  was  operated  at  two  exhaust  flow  rates  and  3 repeat  measurements  were  made  for  each 
condition.  For  the  larger  two  HRRs,  the  measured  value  agreed  with  the  calibration  burner  to 
within  2 % and  the  measurement  repeatability  was  within  6 %.  The  variation  in  the  smallest 


^ Certain  commercial  equipment  or  materials  are  identified  in  this  paper  to  specify  adequately  the  experimental 
procedure.  Such  identification  does  not  imply  recommendation  or  endorsement  by  the  national  institute  of 
Standards  and  Technology  , nor  does  it  imply  that  the  materials  or  equipment  are  necessarily  the  best  available  for 
the  purpose. 
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HRR  was  over  20  % and  found  to  be  a result  of  drift  in  the  output  of  the  oxygen  meter.  Efforts 
are  underway  to  correct  for  the  background  drift  of  the  analyzer  and  to  purchase  a lower  drift 
oxygen  meter. 

Recent  Large  Scale  Tests 

The  following  major  studies  have  been  carried  out  in  the  LFL  since  its  renovation:  bed  fires, 
smoke  detector  study,  and  sub-lethal  toxicity  measurements.  These  studies  illustrate  the  range  of 
capabilities  in  the  LFL. 

Bed  Fires 


The  objective  of  the  bed  fires,  sponsored  by  the  Sleep  Products  Safety  Council,  was  to  quantify 
the  relation  between  the  heat  release  rate  from  a burning  bed  and  the  distribution  of  heat  flux  to 
the  space  around  it^.  Such  heat  fluxes  might  ignite  other  objects,  leading  toward  room  flashover. 
The  information  was  in  turn  used  to  infer  the  largest  tolerable  bed  fire  that  would  both  preclude 
other  item  ignition  and  minimize  casualties  due  to  heat  and  toxic  gas  exposures.  The  LFL  six 
meter  hood  provided  a unique  capability  to  measure  a very  diverse  range  of  bed  fires  which 
varied  100  kW  to  5 MW. 


Smoke  Detector  Study 

In  co-operation  with  the  United  States  Fire  Administration  (USFA),  other  sponsors,  and  U.S. 
Consumer  Product  Safety  Commission  (CPSC),  NIST  coordinated  the  evaluation  of  current  and 
emerging  smoke  alarm  technology  responses  to  common  residential  fire  scenarios  and  nuisance 
alarm  sources.  The  measurements  were  all  carried  out  in  a manufactured  home  contained  within 
the  LFL.  Unique  capabilities  provided  by  NIST  include  the  detailed  characterization  of  the 
environment  near  the  detector  including  the  temperature,  flow,  gas  concentrations,  smoke 
particle  concentration,  particle  size  and  optical  density.  The  quality  of  the  data  was  greatly 
enhanced  by  fully  characterizing  the  response  of  the  150  gas  and  particle  detectors  used  in  the 
study  with  the  unique  Fire  Emulator/Detector  Evaluator  developed  at  NIST. 

Sub-lethal  Effects  Experiments 

This  study  funded  by  the  Fire  Protection  Research  Foundation  of  National  Fire  Protection 
Administration  is  focused  on  characterizing  the  yields  of  toxic  gases  and  smoke  particulate 
produced  by  both  pre-flashover  and  post-flashover  fires.  The  room  contents  included  electric 
cables,  sofa  mockups,  or  bookcases  with  and  without  a sheet  of  PVC.  The  test  required 
characterization  of  the  environment  at  two  sampling  locations  with  sensors  for  temperature  (bare 
and  aspirated  thermocouples),  velocity  (bi-directional  probes).  Standard  gas  analysis  included 
CO,  CO2,  and  O2.  An  innovative  feature  of  the  experiments  was  the  use  of  multiple  FTIRs 
monitor  the  concentration  of  additional  gases,  such  as  HCl,  HBr,  HCN,  and  acrolein.  In  addition, 
for  the  first  time  at  NIST,  smoke  was  sampled  in  the  upper  layer  leaving  the  doorway  during 
flashover  conditions.  The  smoke  sampling  included  a temperature  controlled  filter  assembly  and 
a quantitative  method  for  removing  smoke  deposited  on  the  walls  of  the  sampling  tube. 
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Measurements  at  upstream  and  downstream  locations  enable  estimation  of  the  loss  of  smoke 
components  to  the  walls. 


Future  Capabilities 

We  plan  to  develop  the  following  challenging  capabilities  during  the  next  year:  soot  volume 
fraction  in  the  hot  upper  layer,  heat  transfer  measurements  to  steel  elements,  to  cable  trays,  and 
to  the  walls,  and  surface  temperatures  for  metals,  insulating  materials,  and  cables. 

There  is  also  great  interest  in  the  application  of  large  area  imaging  optical  diagnostics  to  large 
scale  fires.  The  current  status  of  projects  for  measuring  water  spray  and  doorway  flows  are 
briefly  described  below. 

Water  Spray 

An  advanced  measurement  method  is  under  development,  with  the  goal  of  providing 
simultaneous  measurement  of  sprinkler  spray  drop  size  and  velocity.  The  method  illuminates  a 
0.5  m by  0.5  meter  area  of  the  spray  field  with  laser  pulses,  and  uses  laser  induced  fluorescence 
to  image  the  droplets.  Velocity  is  determined  by  analysis  of  the  distance  between  two-color 
droplet  pairs,  and  droplet  size  is  determined  from  the  size  of  the  droplet  images.  Droplet  sizes 
over  the  range  of  approximately  200  fim  to  3000  fim  can  be  measured,  with  low  levels  of 
uncertainty.  Droplet  velocities  are  accurately  measured  over  the  range  0.5  m/s  to  50  m/s..  Data 
has  been  collected  and  analyzed  data  for  27  different  parameter  sets  for  an  axially-symmetric 
sprinkler.  The  long  term  plan  is  to  characterize  the  droplet  size  and  velocity  in  the  LFL  for  a 
sprinkler  interacting  with  a fire  plume. 

Particle  Imaging  Velocimetrv 

Particle  Image  Velocimetry  (PIV),  a non-intrusive  laser-based  measurement  technique,  is  being 
applied  to  measure  two-dimensional  fields  of  velocity  vectors  in  the  lower  layer  of  a fire-induced 
doorway  flow.  The  technique  significantly  improves  upon  the  spatial  and  temporal  resolution  of 
traditional  bi-directional  probe  measurements.  Two-dimensional  images  of  gas  velocity  vectors 
were  recorded  last  year  using  the  PIV  technique  for  a 26cm  x 26cm  region  along  the  axis  of  a 
surface  opening  for  ambient  conditions.  The  data  included  instantaneous  velocity  field, 
instantaneous  vorticity  field,  and  mean  flow  streamlines,  respectively.  This  year  The  PIV  system 
was  upgraded  to  3D  so  that  all  three  components  of  the  velocity  vector  can  be  measured  in  a 
single  acquisition.  A reduced  scale  buoyant  He  plume  and  enclosure  were  designed  and 
fabricated.  It  is  anticipated  that  measurements  will  be  completed  this  fall  and  the  measurement 
of  doorway  flows  for  a full  scale  experiment  are  planned  for  2004. 


^ Parker,  W.J.,  ’’Calculations  of  the  Heat  Release  by  Oxygen  Consumption  for  Various  Applications,”  J.  Fire 
Sciences,  2,  380-395  (1984). 

^ Ohlemiller,  T.J.  and  Gann,  R.G.,  “Estimating  Reduced  Fire  Risk  from  an  Improved  Mattress  Flammability 
Standard,”  NIST  Technical  Note  1446,  2002. 
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Introduction 


In  the  frame  of  the  “International  Collaborative  Project  to  Evaluate  Fire  Models  for  Nu- 
clear Power  Plant  Applications”  a second  benchmark  exercise  have  been  performed.  In 
this  exercise  different  pool  fire  experiments  in  a large  hall  have  been  investigated.  In 
this  technical  note  first  results  of  performed  COCOSYS  calculations  and  some  CFX 
preliminary  results  are  discussed. 

COCOSYS  Is  a so-called  lumped-parameter  code.  To  simulate  the  local  conditions 
(natural  convection,  temperature  stratification)  the  fire  hall  Is  divided  Into  a quite  high 
number  of  control  volumes.  The  main  idea  is  to  have  for  each  temperature  measure- 
ment a separate  control  volume  and  to  have  separate  control  volumes  around  the  fire 
plume,  the  ventilation  system  and  the  doors. 

CFX  is  a CFD  program.  The  k-e  model  has  been  used  for  the  simulation  of  turbulence. 
For  the  reaction  the  eddy-break-up  model  has  been  used.  CFX  has  a separate  radia- 
tion model  RAD3D  to  consider  the  heat  distribution  of  the  flame. 

The  CFX  calculations  have  been  performed  by  M.  Heitsch.  The  results  of 
COCOSYS  and  CFX  are  preliminary. 


2 Nodalisation  and  used  Models 

For  COCOSYS  a detailed  subdivision  of  the  fire  hall  has  been  used.  Fig.  2-1  to  Fig. 
2-3  show  the  nodalisation  of  the  fire  hall.  With  this  subdivision  nearly  all  temperature 
measurements  have  a separate  control  volume.  There  a direct  comparison  between 
experimental  measurements  and  calculated  results  is  possible.  The  total  number  of 
control  volumes  is  543. 

The  control  volumes  above  the  pool  have  an  area  of  6 m^.  This  leads  to  some  averag- 
ing of  the  temperatures  in  the  fire  plume.  COCOSYS  itself  has  no  specific  plume 
model. 
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The  flow  between  the  control  volumes  is  mainly  buoyancy  driven.  A momentum  bal- 
ance is  not  calculated. 


For  the  calculations  the  given  pyrolysis  rates  are  used.  In  the  first  calculation  the  calcu- 
lated temperature  has  been  calculated  to  high.  Therefore  the  reaction  rate  above  the 
pool  has  been  reduced  by  an  additional  factor  FEFF  of  60%.  The  remaining  unburned 
heptan  may  be  burned  in  upward  direction.  20%  of  the  reaction  heat  is  distributed  by 
radiation  to  the  wall  structures.  The  view  factors  used  have  been  calculated  by  the  new 
grid  generator  for  COCOSYS.  For  the  heat  exchange  between  the  walls  and  atmos- 
phere the  specified  heat  transfer  coefficient  and  the  COCOSYS  heat  transfer  models 
for  free  convection  have  been  used,  respectively. 

In  the  CFX  calculations  following  standard  models  have  been  used: 

- for  the  simulation  of  combustion  the  eddy-break-up  model  (for  each  cell) 

- k-e  model  for  turbulence 

- the  radiation  Is  simulated  by  RAD3D 

- the  Magnussen-Model  for  the  simulation  of  soot  behavior 


Fig.  2-1  COCOSYS  Nodalisation:  side  view 
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Fig.  2-2  COCOSYS  Nodalisation:  top  view 


Fire  benchmark  §2 
COCOSYS  nodalisation 


Fig.  2-3  COCOSYS  Nodalisation 
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Preliminary  results 


In  the  following  sections  the  preliminary  results  will  be  discussed.  The  figures  show  the 
actual  status  of  the  COCOSYS  results  for  the  three  specified  cases  of  part  1 and  some 
CFX  results  for  comparison  reason. 


3.1  Case  1 

Fig.  3-1  to  Fig.  3-6  show  the  comparison  between  the  optimal  COCOSYS  calculation 
and  the  measurements  at  the  3 temperature  trees.  The  quality  of  the  results  Is  quite 
well.  The  stratification  of  the  temperatures  at  the  upper  measurement  points  is  calcu- 
lated somewhat  too  high.  The  main  reason  Is  the  missing  momentum  balance  in  the 
COCOSYS  calculation.  The  mass  flow  between  the  control  volumes  is  mainly  induced 
by  the  buoyancy  leading  to  stratified  results. 

It  has  be  pointed  out,  that  the  reaction  efficiency  is  adjusted  to  the  temperatures.  Unfor- 
tunately there  is  no  additional  possibility  to  check  this  modeling  assumption,  like  con- 
centration measurements  or  measurement  data  of  the  temperature  decrease  after  the 
burning  process. 

Fig.  3-7  shows  the  temperatures  at  T1.6  and  T1.10  for  the  different  variations  of 
COCOSYS  calculations  and  the  CFX  results.  The  CFX  result  is  similar  to  the  COCfull 
case  of  COCOSYS.  Both  calculation  assume  a full  reaction  of  the  heptan.  The  differ- 
ences between  the  green  (COCbase)  and  red  (COCopt)  curve  results  from  the  different 
assumptions  for  the  heat  transfer  to  the  boundary  and  the  infiltration.  In  the  COCopt 
case  the  COCOSYS  heat  transfer  models  for  free  convection  are  used,  the  walls  are 
handled  non-adiabatic  on  the  outer  side  and  a the  half  of  the  infiltration  from  the  upper 
position  are  shifted  to  the  top  of  the  roof.  Assuming  the  full  reaction  the  calculated  tem- 
peratures are  about  50  K too  high.  The  influence  of  the  different  assumptions  for  heat 
transfer  and  Infiltration  leads  to  a temperature  decreasing  of  about  15  to  20  K.  There- 
fore the  main  effect  results  from  the  decreasing  of  the  reaction  efficiency. 

The  beginning  of  the  temperature  decrease  after  the  burning  process  shows  the  right 
behavior.  But  the  time  period  is  too  short,  to  conclude  that  the  calculated  heat  loss  into 
the  walls  and  through  the  infiltration  is  simulated  correctly. 
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Fig.  3-8  presents  the  comparison  of  the  plume  temperatures  TG1  and  TG2. 
COCOSYS  has  no  specific  plume  model.  As  already  mentioned  the  plume  is  simulated 
of  a column  of  control  volumes  above  the  pool.  The  area  of  these  volumes  Is  6 m^. 
This  lead  to  an  averaging  of  the  calculated  temperatures.  In  the  CFX  calculation  the 
temperatures  are  much  higher  and  the  behavior  seems  to  be  more  realistic,  also  the 
temperature  level  Is  somewhat  to  high.  A three-dimensional  impression  of  the  fire 
plume  can  be  drawn  from  Fig.  3-9  for  COCOSYS  and  Fig.  3-10  for  CFX.  Both  figures 
show  the  temperature  distribution  In  the  middle  yz-plane. 

In  the  following  figures  the  average  values  are  presented.  These  have  been  calculated 
according  the  formulas  specified  in  the  benchmark  description.  Although  the  corre- 
spondence between  the  measured  and  calculated  temperatures  are  quite  well,  the  cal- 
culated interface  height  is  too  low  (red  curve). 


COCOSYS;  Fire  benchmark #2  easel 


time  t(s) 


Fig.  3-1  Casel : temperatures  at  lower  part  of  tree  1 
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Tree1:  temperature  T [’C] 


COCOSYS:  Fire  benchmark #2  easel 


Fig.  3-2  Case1  : tempertures  at  upper  part  of  tree  1 


COCOSYS:  Fire  benchmark #2  easel 


Fig.  3-3  Case1 ; temperatures  at  lower  part  of  tree  2 
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COCOSYS;  Fire  benchmark #2  easel 


Fig.  3-4  Case1 : temperatures  at  upper  part  of  tree  2 


COCOSYS:  Fire  benchmark #2  easel 


Fig.  3-5  Casel : Temperatures  at  lower  part  of  tree  3 
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COCOSYS;  Fire  benchmark #2  easel 


Fig.  3-6  Case1 : Temperatures  at  upper  part  of  tree  3 

COCOSYS:  Fire  benchmark #2  easel 
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Fig.  3-7  Case1 : Comparison  between  the  different  variations  of  calculation 
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COCOSYS:  Fire  benchmark #2  easel 


time  t(s) 


Fig.  3-8  Casel:  Plume  temperatures 

Fire  Benchmark  #2  case  1 

COCOSYS  calculation 


Fig.  3-9  Visualisation  of  the  fire  plume  (temperature)  in  COCOSYS 
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interfece  height  2 [m] 


Fire  Benchmark  #2  part  1 

CFX  calculation  easel 


Fig.  3-10  Visualisation  of  the  fire  plume  (temperature)  in  CFX 


COCOSYS;  Fire  benchmark #2  easel 


Fig.  3-1 1 Casel : Interface  height 
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COCOSYS:  Fire  benchmark #2  easel 


Fig.  3-12  Casel : Upper  layer  temperature 


3.2  Case  2 

Similar  to  case  1 COCOSYS  simulates  the  temperatures  quite  well.  The  Fig.  3-13  to 
Fig.  3-18  show  the  comparison  between  the  calculation  and  the  measurement  for  the  3 
measurement  trees.  As  for  the  case  1 the  calculated  temperature  stratification  is  calcu- 
lated somewhat  to  strong.  A similar  behavior  is  also  found  for  the  calculated  plume 
temperatures.  Fig.  3-19  shows  the  different  values  of  plume  temperature  for  a calcula- 
tion with  a complete  reaction  of  heptan  over  the  pool  surface  {COCfull)  and  the  optimal 
case  with  a 60%  reaction  efficiency.  Because  only  the  temperatures  can  be  compared, 
an  additional  consistency  check  is  not  possible  (for  example  for  CO2  concentration). 

Fig.  3-20  presents  the  comparison  of  the  heat  loss  to  the  wall  structures  for  different 
calculated  variations.  The  red  curve  corresponds  to  the  optimal  COCOSYS  case.  In  the 
base  calculation  of  COCOSYS  (COCbase)  the  infiltration,  heat  transfer  conditions  are 
set  according  the  benchmark  specification.  The  heat  loss  calculated  In  the  CFX  calcu- 
lations is  lower.  This  is  a reason  for  the  higher  calculated  temperatures  too. 
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The  mass  flow  rate  through  the  infiltration  depends  strongly  on  the  specified  boundary 
conditions.  Fig.  3-21  presents  the  comparison  between  the  three  COCOSYS  calcula- 
tions. In  the  first  calculation  (COCfulf)  all  environmental  control  volumes  are  started 
with  a total  pressure  of  1 .013  bar.  Because  the  total  pressure  In  the  roof  part  of  the  fire 
hall  is  smaller  a convection  loop  in  the  wrong  direction  (from  upper  to  the  lower  infiltra- 
tion) starts.  In  the  calculations  COCbase  and  COCopt  all  mass  flows  are  positive  (from 
inside  to  outside)  during  the  heat  up  phase.  Later  at  about  150s  a convection  loop  in 
the  right  direction  starts.  The  differences  between  the  red  and  green  curves  show  the 
effect  of  the  moved  upper  infiltration  to  the  top  of  the  hall  roof. 

Fig.  3-22  and  Fig.  3-23  show  the  average  values  for  the  interface  height  and  upper 
layer  temperature.  Also  the  correspondence  between  calculated  and  measured  tem- 
peratures looks  quite  well,  the  calculated  interface  layer  height  is  somewhat  lower. 


COCOSYS:  Fire  benchmark  #2  case2 


Fig.  3-13  Case2:  Temperatures  at  the  lower  part  of  tree  1 
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COCOSYS:  Fire  benchmark  #2  case2 


Fig.  3-14  Case2:  Temperatures  at  the  upper  part  of  tree  1 


COCOSYS:  Fire  benchmark  #2  case2 


Fig.  3-15  Case2:  Temperatures  at  the  lower  part  of  tree  2 
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COCOSYS:  Fire  benchmark  #2  case2 


Fig.  3-1 6 Case2:  Temperatures  at  the  upper  part  of  tree  2 


COCOSYS;  Fire  benchmark  #2  case2 


Fig.  3-17  Case2:  Temperatures  at  the  lower  part  of  tree  3 


C-104 


COCOSYS:  Fire  benchmark  #2  case2 


Fig.  3-18  Case2:  Temperatures  at  the  upper  part  of  tree  3 


COCOSYS;  Fire  benchmark  #2  case2 


Fig.  3-19  Case2:  Temperatures  inside  the  plume 
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COCOSYS:  Fire  benchmark  #2  case2 


Fig.  3-20  Case2:  Heat  flow  to  the  wall  structures 


COCOSYS:  Fire  benchmark  #2  case2 
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Fig.  3-21  Case2:  Calculated  mass  flow  rates  through  the  infiltrations 
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COCOSYS:  Fire  benchmark  #2  case2 


Fig.  3-22  Interface  height  in  case  2 

COCOSYS;  Fire  benchmark  #2  case2 


Fig.  3-23  Upper  layer  temperature  in  case  2 
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3.3 


Case  3 


Allthough  the  ventilation  system  has  been  used  and  the  doors  are  open  in  case  3,  the 
behavior  is  very  similar  to  case  1 and  2.  Fig.  3-24  to  Fig.  3-30  show  the  results  of  the 
optimal  COCOSYS  calculation  compared  with  the  experimental  measurements. 

Fig.  3-31  presents  the  injected  and  burned  mass  of  heptan.  About  30%  of  the  heptan 
mass  remains  unburned.  This  value  is  compared  to  the  value  specified  in  the  bench- 
mark description  relatively  high. 


COCOSYS:  Fire  benchmark  #2  cases 


Fig.  3-24  Case3:  Temperatures  at  lower  part  of  tree  1 
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COCOSYS:  Fire  benchmark  #2  case3 


Fig.  3-25  Case  3:  Temperature  at  upper  part  of  tree  1 


COCOSYS;  Fire  benchmark  #2  cases 


Fig.  3-26  Case  3:  Temperature  at  lower  part  of  tree  2 
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COCOSYS:  Fire  benchmark  #2  cases 


Fig.  3-27  Case  3:  Temperature  at  upper  part  of  tree  2 


COCOSYS;  Fire  benchmark  #2  caseS 


Fig.  3-28  Case  3:  Temperature  at  lower  part  of  tree  3 
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COCOSYS:  Fire  benchmark  #2  case3 


Fig.  3-29  Case  3:  Temperature  at  upper  part  of  tree  3 


COCOSYS:  Fire  benchmark  #2  case3 


Fig.  3-30  Case  3:  Plume  temperatures 
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COCOSYS:  Fire  benchmark  #2  case3 


Fig.  3-31  Case  3:  Injected  and  burned  heptan  mass 


COCOSYS:  Fire  benchmark  #2  caseS 


Fig.  3-32  Case  3:  Interface  height 


C-112 


COCOSYS:  Fire  benchmark  #2  cases 


Fig.  3-33  Upper  layer  temperature 

3.4  Comparison  between  the  cases 

Between  the  different  experiments  (easel  to  case  3)  the  experimental  boundary  condi- 
tions have  been  somewhat  changed.  From  case  1 to  2 the  surface  of  the  pool  have 
been  increased.  And  in  case  3 the  ventilation  system  has  been  used  and  the  doors  are 
open.  The  calculated  heat  release  rates  (Fig.  3-34)  and  temperatures  at  T1.10  (Fig. 
3-35)  show  a consistent  behavior  according  to  the  modifications.  The  increasing  of  the 
pool  surface  leads  to  an  increased  heat  release  rate  and  increased  temperature.  Start- 
ing the  ventilation  system  (with  open  doors)  lead  to  a further  increase  of  heat  release 
rate  and  a reduced  burning  time.  The  difference  between  case  2 and  case  3 is  rela- 
tively small  (compared  to  that  between  case  1 and  2)  because  in  each  case  there  are 
oxygen  rich  conditions.  An  additional  ventilation  has  only  a minor  effect  in  this  case. 

Although  the  temperatures  are  to  high,  the  CFX  code  delivers  consistent  behavior  too. 
Fig.  3-36  presents  the  results  of  CFX  and  COCOSYS  {COCfull  variation)  in  compari- 
son with  the  experimental  data. 
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COCOSYS;  Fire  benchmark  #2 


Fig.  3-34  Calculated  heat  release  rates  for  the  3 cases 

COCOSYS:  Fire  benchmark  #2 


Fig.  3-35  Comparison  of  the  measured  and  calculated  temperatures  at  T1 .1 0 
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Fig.  3-36  Comparison  of  CFX  and  COCOSYS  for  all  cases 


4 Conclusions  - Next  steps 

COCOSYS  show  for  the  temperature  good  results  in  comparison  with  the  experimental 
data.  The  calculated  temperature  stratification  in  the  hot  gas  layer  is  somewhat  to  high. 
The  missing  plume  model  leads  to  some  restriction  for  the  calculated  plume  tempera- 
tures. It  has  to  be  pointed  out,  that  the  reaction  efficiency  has  been  adjusted  to  the  ex- 
perimental data.  The  resulting  value  of  about  70  % burned  heptan  mass  seems  to  be 
somewhat  low.  Therefore  it  would  be  nice  if  some  more  experimental  data  would  be 
available  (concentrations,  temperature  decrease  after  burning,  velocities).  Up  to  now, 
COCOSYS  has  also  no  model  to  simulate  the  soot  behavior. 

The  influence  on  temperature  on  different  simulation  of  some  boundary  conditions 
(heat  transfer  to  walls,  infiltration)  leads  to  a temperature  decrease  of  about  20  K.  In 
comparison  to  the  effect  of  the  efficiency  factor  this  is  rather  low.  One  reason  may  be, 
that  there  are  oxygen  rich  conditions,  why  the  differences  between  case  2 and  case  3 
are  also  very  small. 
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The  CFX  results  are  delivering  too  high  temperature,  corresponding  to  the  initial 
COCOSYS  calculations  with  complete  burning  of  heptan.  Concerning  CFX  the  stability 
has  to  be  improved  (especially  for  case  3),  the  infiltration  has  to  be  checked.  It  has  al- 
ready be  found,  that  an  reduction  of  the  so-called  eddy-break-up-factor  would  improve 
the  results. 

For  COCOSYS  it  is  planned  to  use  the  detailed  model,  where  the  pyrolysis  rate  is  cal- 
culated by  the  program.  Therefore  some  additional  initial  data  is  necessary.  The  effi- 
ciency factor  should  be  checked  against  other  experiments. 
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1.  Introduction: 

The  purpose  of  this  project  is  to  evaluate  the  ability  of  computer  fire  models  to 
predict  fire  growth  in  a large  hall;  such  as  the  turbine  hall  in  a nuclear  power 
plant.  Fire  protection  engineers  (FPE)  are  frequently  asked  to  conduct  fire  safety 
evaluations  of  buildings  and  structures.  Following  a performance  based  design 
approach,  FPE’s  draw  upon  risk  analysis  in  selecting  the  most  probable  fire 
scenarios  that  may  take  place  in  the  structure.  These  fire  scenarios  are  then 
scrutinized  to  predict  heat  transfer,  room  temperatures,  and  smoke  movement. 

This  information  allows  the  FPE  to  evaluate  the  performance  of  the  structure 
according  to  pre-established  fire  safety  goals  and  objectives.  Due  the  complexity 
of  fire  and  fire  growth  in  a structure,  FPE’s  are  forced  to  make  broad  assumptions 
in  order  to  achieve  useful  results.  Until  recently,  FPE’s  were  limited  to  hand 
calculations  using  numerical  analysis  techniques.  Similar  to  most  scientific  fields, 
computers  have  greatly  enhanced  the  FPE’s  ability  to  take  fire  scenarios  and 
predict  building  performance.  This  report  is  part  of  a class  assignment  undertaken 
by  graduate  FPE  students  at  Worcester  Polytechnic  Institute.  Our  class  results 
will  be  forwarded  as  part  of  the  International  Collaborative  Project  to  Evaluate 
Fire  Models  for  Nuclear  Power  Plant  Applications.  Our  group  was  tasked  with 
using  JASMINE,  a computation  fluid  dynamics  computer  model  described  below, 
to  model  Part  1,  Case  1 of  Benchmark  Exercise  #2.  This  report  is  written  with  the 
general  assumption  that  the  reader  is  familiar  with  this  international  collaborative. 

2.  Initial  Assignment: 

Our  initial  class  assignment  is  described  below: 

1.  Identify  key  issues  in  Benchmark  Exercise  #2  as  part  of  the  International 
Collaborative  Project  to  Evaluate  Fire  Models  for  Nuclear  Power  Plant 
Applications. 

2.  Describe  model  and  associated  challenges  with  using  the  model  to 
complete  Benchmark  Exercise  #2. 

3.  Complete  item  2 using  Jasmine,  a CFD  model.  First  complete  Part  1 of 
the  exercise  and  then  attempt  Part  2. 

3.0  Purpose  of  Benchmark  Exercise  #2: 

To  challenge  fire  models  in  respect  to  issues  associated  with  predicting  the 
effects  of  fire  in  a large  volume. 
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1.  Objectives  of  Benchmark  Exercise  #2: 

1.  To  examine  scenario(s)  that  will  provide  a harder  test  for  zone 
models,  in  particular  with  respect  to  fire  spread  in  large  volumes 
representative  of,  say,  a turbine  hall. 

2.  If  possible,  to  make  use  of  experimental  data  to  fulfill  the 
requirement  of  more  thoroughly  testing  the  predictive  capability  of  both 
zone  and  CFD  fire  models.  Again,  as  noted  in  the  exercise  description,  the 
emphasis  when  selecting  scenarios  was  on  large  smoke  filling  volumes. 

1.  Description  of  Benchmark  Exercise  #2: 

1.  Part  1 includes  three  cases  based  on  full-scale  experiments  inside  a 
test  hall  using  two  Heptane  fires  of  different  diameter.  Thermocouples 
were  used  to  record  temperatures  directly  above  the  fire  and  at  locations  in 
the  test  hall.  Bi-directional  probes  were  used  to  measure  gas  velocity  in 
the  case  with  open  doors.  The  geometry,  material  properties  of  walls  and 
ceilings,  ambient  conditions  and  ventilation  conditions  are  provided  in  the 
exercise.  The  following  table  is  a summary  of  Part  1: 


Case  1 -Priority 

Case  2 

Case  3 

doors  closed 

no  mech.  Exhaust 

natural  leakage 
pool  diameter  = 1.17m 

doors  closed 

no  mech.  Exhaust 

natural  leakage 
pool  diameter  =1 .6m 

doors  open  {0.8  mx 
4m) 

mech.  Exhaust  (11 

s') 

ignore  natural  leakage 
pool  diameter  = 1 .6m 
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2.  Part  2 is  an  optional  exercise.  This  part  includes  three  cases  inside  a 
rectangular  building  with  dimensions  similar  to  a real  turbine  hall.  As  part  of  our 
assignment,  we  will  model  a two  level  building  more  representative  of  a turbine 
hall.  The  geometry,  material  properties,  and  conditions  are  also  provided.  We 
are  also  asked  to  include  an  open  gated  hatch  in  the  floor/ceiling  between  levels. 
For  Part  2,  we  are  asked  to  find  the  effect  of  the  fire  on  cable  targets  inside  the 
hall.  Since  we  will  have  two  levels,  we  will  model  one  cable  target  just  under  the 
lower  level  ceiling,  and  model  two  cable  targets  near  the  roof  as  steel  structural 
members.  The  difference  between  the  three  cases  in  Part  2 is  in  the  ventilation 
for  the  hall. 

2.  Expected  Model  Output  Part  1: 


CFD 


Temperatures  at  thermocouple  trees 
(T1.1,...,T1.10,T2.1,...,T2.10,T3.1,...,T3.10) 

Temperatures  at  plume  thermocouples 
(TG1.1  &TG.2) 

Infiltration  flow  rate  (cases  1 & 2) 

Mass  flow  rate  In/out  door  1 (case  3) 
Mass  flow  rate  in/out  door  2 (case  3) 

Velocities  at  the  two  doorways  (case3) 
(V1.1 V1.3,V2.1 V2.3) 

Total  heat  loss  rate  to  solid  boundaries 
Heat  loss  through  mech.  Exhaust  (case  3) 

Interface  height 

(using  reduction  of  thermocouple  tree  data) 

Upper  layer  temperature 
(using  reduction  of  thermocouple  tree  data) 

Total  heat  release  rate 
(within  whole  hall) 


C-121 


7.0  Expected  Model  Output  Part  2: 


1.  Similar  to  Part  1,  but  different  locations  for  the  thermocouple  trees.  The  gas 
temperatures  are  to  be  provided  at  1 -meter  intervals. 

2.  The  gas  temperature  directly  above  the  fire  is  requested  at  two  locations  (CFD 
models),  but  now  at  heights  9 m and  19  m. 

3.  Three  doorway  velocities  should  again  be  considered  at  0.5  m,  1 m and  3.5  m 
height,  on  the  vertical  enter  line  of  each  opening. 

4.  The  total  heat  loss  through  the  doorway  opening  should  be  provided  if  possible. 

5.  Upper  and  lower  layer  oxygen  concentration  should  be  provided  in  the  case  of 
zone  models.  For  CFD  models  the  oxygen  concentration  at  the  thermocouple  tree 
locations  should  be  provided. 

6.  For  each  cable/steel  structural  member  target,  the  following  should  be  provided, 
where  possible,  at  each  reported  time: 

1 . maximum  incident  flux 

2.  maximum  surface  temperature 

3.  maximum  enter-line  temperature 


1.  Key  Issues: 

For  the  purpose  of  this  assignment,  we  first  defined  key  issues  as  one  of  the 
following: 

1.  Expected  model  outputs 

2.  Main  modeling  assumptions  and  inputs  ( to  be  developed  as  the  report 
is  completed. 

3.  Issues  in  need  of  clarification,  or  additional  research. 

4.  Issues  which  will  be  difficult  to  model. 

1.  Using  the  model  to  produce  the  expected  outputs  of  the  exercise. 

2.  Assumptions  for  the  heat  release  mechanism. 

3.  Assumptions  for  radiation  treatment  (if  included,  important  issues  may 
include  the  treatment  radiation  transfer  to  solid  surfaces,  the 
absorption/emission  in  the  gas  phase  and  radiation  from  soot  plume. 

4.  The  number  of  control  volumes  or  elements. 

5.  Assumptions  in  turbulence  model. 

6.  Modeling  the  two  obstructions  inside  the  hall  (Part  1) 

7.  Modeling  the  air  infiltration. 

8.  Accounting  for  the  air  movement  with  mechanical  ventilation. 

9.  Effective  selection  of  elements  accounting  for  long  computation  times 
associated  with  CFD  model. 

10.  Choosing  a combustion  mechanism  (stoichiometric  ratio,  mass  bum  rate). 

11.  Utilize  the  data  from  Table  3 (Fuel  mass  release  rates)  to  model  the  fire. 

12.  Selecting  nodes  to  compare  to  experimental  data. 

13.  Modeling  the  cable/stmctural  steel  targets. 
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14.  Reconstructing  the  model  for  case  2 (new  geometry,  added  physical 
features) 


2.  Part  1 Case  1: 

Our  second  and  final  class  assignment  was  to  use  the  fire  model  provided 
to  our  group  to  model  Part  1 Case  1. 

10.0  Group  Background: 

Based  on  the  fact  that  this  project  is  being  completed  both  as  a class 
assignment  and  as  a submittal  as  part  of  the  aforementioned  exercise,  it  is 
appropriate  to  describe  the  group  members  for  any  particular  reader  of  this  report. 
The  group  consists  of  three  members  who  are  all  pursuing  Master  of  Science 
(M.S.)  degrees  in  Fire  Protection  Engineering  (FPE).  Two  group  members  are 
senior  Mechanical  Engineering  undergraduate  majors  who  are  pursuing  the  M.S. 
FPE  degree  under  a 5 year  B.S./M.S.  program.  One  group  member  has  a 
Bachelor  of  Science  degree  in  Civil  Engineering  accomplished  prior  to  the 
introduction  of  Windows  based  computer  programs.  This  is  the  second  semester 
in  the  FPE  program  for  all  group  members.  The  first  semester  includes  core 
courses  in  Fire  Dynamics,  Building  Firesafety,  and  Suppression  courses.  Prior  to 
this  project,  no  group  members  had  any  Computational  Fluid  Dynamics  (CFD) 
experience  or  fire  modeling  experience  with  any  fire  modeling  program.  One 
group  member  utilized  extensive  AUTOCAD  experience  to  assist  in  using  the  fire 
model. 

11.0  JASMINE: 

According  the  software  manufacturer  BRE,  “JASMINE  (Analysis  of 
Smoke  Movementjn  Enclosures)  uses  the  numerical  technique  of  computational 
fluid  dynamics  (CFD)  to  describe  the  heat  and  mass  transfer  processes  associated 
with  the  dispersion  of  combustion  products  from  a fire.  The  processes  of 
convection,  diffusion  and  entrainment  are  simulated  by  the  Navier-Strokes 
equations.  JASMINE  has  been  developed,  validated  and  improved  over  a twenty 
year  period  and  includes  the  key  processes  of  buoyancy,  convection,  entrainment, 
turbulence,  combustion,  thermal  radiation  and  boundary  heat  transfer  relevant  to 
the  movement  of  smoke.” 

In  summary,  JASMINE  is  a complex  CFD  fire  modelling  program  that  can 
produce  accurate  results,  when  compared  to  other  models,  provided  the  program 
users  have  extensive  fire  dynamics  knowledge  and  fully  understand  the  program. 
JASMINE  does  come  with  several  example  sessions  and  a help  manual. 
However,  our  group  found  the  fire  and  geometry  in  the  example  sessions  to  be 
simplistic  and  did  not  assist  in  preparing  the  model  to  evaluate  the  fire  and 
geometry  presented  in  this  exercise.  The  help  manual  is  thorough  but  more  of  a 
dictionary  listing  of  terms  than  something  that  can  be  used  to  troubleshoot  some 
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of  the  problems  we  encountered.  Most  noteworthy  were  problems  encountered 
with  creating  a geometry  which  reflected  the  pitched  roof  and  then  creating  a grid 
for  analysis.  More  details  regarding  these  issues  and  the  assumptions  taken  to 
obtain  results  are  included  throughout  this  report. 

12.1  Materials: 

For  the  large  hall  structure  considered  in  Benchmark  #2,  the  walls  and 
ceilings  are  constructed  of  a .001m  layer  of  sheet  metal  on  the  outside  with  a .05m 
layer  of  mineral  wool  on  the  inside.  The  floor  is  constructed  of  concrete.  The 
two  objects  inside  the  building  were  treated  as  adiabatic  concrete.  Our  first 
attempt  to  model  the  walls  and  ceilings  was  to  use  a function  provided  by 
JASMINE  that  allows  the  user  to  insert  objects.  Using  this  function  the  walls 
were  constructed  of  sheet  metal  and  mineral  wool  was  wrapped  as  individual 
objects  inside  the  entire  structure.  This  process  was  very  time  consuming  and 
actually  inhibited  the  program  from  producing  results.  JASMINE  appears  to 
place  permanent  grid  lines  on  all  geometry  lines;  therefore,  this  produced  too 
many  nodes  within  the  wall  materials  for  an  analysis. 

Our  second  attempt  for  selecting  the  materials  was  to  create  an  equivalent 
material  using  thermal  circuit  principles  from  heat  transfer  theories.  However,  as 
our  fire  is  the  heat  source,  this  is  a transient  heat  transfer,  and  this  does  not  allow 
the  materials  to  be  simplified  into  one  material  using  this  principle. 

Our  final  approach  was  to  consider  the  relative  thickness  of  the  inner 
mineral  wool  as  compared  to  the  thin  sheet  metal  and  to  also  consider  the  limited 
conductivity  of  the  mineral  wool.  Therefore,  in  our  effort  to  continue  with  our 
first  attempt  to  achieve  results  for  Case  I,  Part  I,  we  decided  to  input  only  the 
mineral  wool  as  the  wall  material  and  make  this  material  “thermally  thin”  or 
isothermal  in  the  model.  This  may  not  truly  reflect  the  heat  loss  through  the  walls 
and  ceiling,  but  as  mentioned  earlier,  it  may  eliminate  some  of  our  problems  with 
JASMINE  placing  too  many  grid  nodes  inside  the  walls. 

12.2  The  Fire; 

The  single  fire  source  was  constructed  using  equation  I provided  in 
Benchmark  Exercise  #2: 


The  combustion  efficiency  was  .8,  the  heat  of  combustion  used  was 
44,600  kJ/kg,  and  the  fuel  mass  release  rate  was  taken  from  the  data  for  Case  I in 
Table  3 of  Benchmark  Exercise  #2.  This  data  was  placed  into  an  Excel 
spreadsheet  and  graphed  for  each  given  time  in  a scatter  plot  and  curve  fit  to 
represent  the  HRR  curve  that  needed  to  be  placed  into  JASMINE.  The  graph 
showing  our  results  is  included  as  Appendix  I of  this  report. 
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JASMINE  utilizes  various  windows  for  inputs  and  allows  the  user  to 
select  an  option  that  will  design  the  fire.  The  following  is  a copy  of  the 
JASMINE  fire  originally  used  in  our  analysis: 


The  fire  in  Part  1 Case  1 is  a circular  Heptane  fire  with  a 1.17  m diameter. 
Since  JASMINE,  as  shown  above,  only  models  the  fire  with  X & Y dimensions, 
an  equivalent  area  was  calculated  to  allow  for  a square  fire  of  equivalent  area. 
Any  data  difference  in  the  model  values  from  the  experiment  due  to  this 
equivalent  area  should  be  nominal  based  on  the  size  the  test  hall.  JASMINE 
allowed  us  to  select  Heptane  as  the  fuel.  In  order  to  match  the  HRR  curve 
extracted  from  the  exercise  data,  our  JASMINE  fire  was  modeled  in  three  phases. 
The  first  phase  or  growth  phase  was  modeled  as  an  ultrafast  t squared  fire.  The 
function  was  modified  to  provide  a growth  that  is  similar  to  the  experimental  fire. 
The  second  phase  was  modeled  as  steady  state  with  a time  period  that  closely 
matches  the  steady  period  shown  in  Appendix  1.  The  last  phase  was  a decay 
phase  using  the  JASMINE  default  value  for  the  decaying  phase  of  the  fire.  The 

time  for  the  end  of  the  fire  also  matches  the  data  provided. 

12.3  Geometry: 

All  group  members  spent  extensive  time  trying  to  model  the  geometry  of 
the  large  hall  in  JASMINE.  The  pitched  roof  provided  a challenge  since  all 
angles  for  compartments  modeled  in  JASMINE  are  right  angles.  The  roof  was 
created  by  placing  block  objects  into  a rectangle  room  with  incremental  steps  to 
represent  the  pitched  roof.  Although  this  increases  the  surface  area  available  for 
heat  transfer,  it  allows  for  a more  accurate  prediction  of  smoke  movement. 
Appendix  2 of  this  report  shows  the  modeled  test  hall  for  Case  1 with  the  vents 
included  to  represent  natural  leakage.  The  duct  for  the  mechanical  exhaust 
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system  is  not  included  in  the  space  based  on  the  assumption  that  this  small 
amount  of  material  in  a large  test  hall  would  not  greatly  affect  our  model  results. 

Although  this  created  a room  which  was  similar  to  the  test  hall,  we  found 
this  geometry  to  be  too  complex  to  achieve  results.  In  order  to  create  a slope 
similar  to  the  diagonally  pitched  roof,  many  steps  were  placed  into  the  space. 

This  presented  great  problems  when  taking  the  next  step  to  prepare  the  CFD  grid. 
JASMINE  creates  permanent  grid  lines  matching  the  geometry  created  by  the 
user.  Therefore,  each  individual  step  along  the  roof  became  a node  for  the  model 
to  evaluate.  The  spacing  was  less  than  50  mm  which  seemed  to  prevent 
JASMINE  from  conducting  any  analysis. 

In  order  to  obtain  results  for  Case  1 our  group  calculated  an  equivalent 
volume  rectangular  piped  to  prevent  further  problems  with  the  grid.  Using 
calculations  for  an  equivalent  volume,  the  height  of  the  hall  became  15.84  meters 
while  the  other  dimensions  remained  the  same.  Our  group  recognized  that  this 
changes  the  predicted  the  smoke  movement,  and  presents  a different  surface  area 
for  heat  transfer.  Our  modeled  upper  layer  will  develop  at  a different  rate  due  to 
this  geometry  change.  Four  vents  were  placed  in  the  locations  prescribed  in  the 
exercise  to  represent  the  natural  leakage  that  would  actually  take  place.  A picture 
of  this  geometry  is  provided  in  Appendix  3. 

12.4  Preparing  a Grid: 

This  aspect  of  the  modeling  was  the  most  demanding  aspect  of  the 
exercise  for  our  group.  A large  pare  of  our  difficulty  is  most  likely  due  to  our 
overall  lack  of  CFD  experience.  Our  group  was  provided  two  versions  of 
JASMINE,  one  limited  to  5,000  elements,  and  one  not  limited.  Since  the  CFD 
computation  is  time  comprehensive,  the  number  of  elements  needs  to  be  smartly 
managed  to  obtain  results  in  a reasonable  time.  Our  intention  was  to  limit  the 
initial  selection  of  control  volumes  by  preparing  a grid  that  only  concentrated  on 
placing  elements  near  and  above  the  fire  and  near  the  vents.  This  would  provide  a 
shorter  initial  analysis  and  allow  our  group  to  examine  results  and  make 
adjustments.  However,  as  noted  in  our  ‘geometry’  section  (12.3)  above, 
significant  problems  were  encountered  when  JASMIME  placed  grid  lines 
coincident  with  all  geometry  lines.  Since  our  step  period  was  so  small  to 
duplicate  the  pitched  roof,  elements  were  spaced  too  close  for  analysis.  The 
original  grid  was  over  450,000  nodes. 

Using  our  final  geometry,  the  grid  spacing  was  manipulated  manually  to 
place  more  control  volumes  in  areas  that  required  more  accuracy.  These  areas 
including  near  and  above  the  fire  and  near  the  vents  in  the  walls.  This  grid 
placement  focuses  the  computer  model  on  these  areas  and  smartly  limits  our 
nodes  to  reduce  computation  time.  Our  final  grid  was  1 17,000  nodes. 
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12.5  Radiation 


JASMINE  allows  the  user  to  select  none,  near  node,  six  flux,  and  a DT 
method.  Our  group  selected  a six  flux  radiation  model.  Our  fire  is  modeled  using 
the  total  heat  release  rate  (HRR).  Selecting  six  flux  for  radiation  allowed  for 
JASMINE  to  account  for  the  radiation  emitted  and  absorbed  from  the  4 walls,  the 
ceiling,  and  floor.  The  materials  values  were  taken  as  .95  as  prescribed  in  the 
exercise.  The  two  objects  were  treated  as  adiabatic.  Modeling  radiation  in  this 
manner  increases  the  computational  time  for  the  model,  but  should  yield  more 
accurate  results. 

12.6  Turbulence  model 

JASMINE  has  options  available  for  the  selection  of  turbulence.  Our  group 
selected  the  Eddy  breakup  combustion  default  selection  recommended  by  the 
JASMINE  users  manual  for  most  problems.  In  selecting  Eddy  breakup, 
turbulence  model  is  automatically  selected  as  K-Epsilon  to  appropriately  model 
the  gas  flow  supporting  combustion.  The  heat  transfer  for  function  for  the  wall 
was  the  general  default  function  in  JASMINE. 

12.7  Running  the  Simulation: 

Our  original  intention  was  to  run  the  model  with  the  simplified  geometry 
and  the  ones  elected  material  and  then  attempt  to  run  further  simulations  with  the 
original  stepped  roof  geometry  with  one  selected  material.  If  the  simulation  was 
successful,  this  would  tell  us  that  our  original  modeling  of  the  sheet  metal  and 
mineral  wool  together  as  “thermally  thick”  or  with  transient  conduction  was  the 
source  of  error.  However,  our  first  simulation  took  over  80  hours  to  complete 
only  400  seconds  of  the  intended  800  second  fire  simulation.  Therefore,  our 
results  are  based  on  one  simulation  with  geometry  and  material  noted  above.  Due 
to  computer  speed  and  capacity,  data  was  saved  every  40  seconds.  In  obtaining 
400  seconds  of  data,  we  were  able  to  reach  the  decay  or  third  phase  of  our 
modeled  fire  which  began  at  approximately  360  seconds. 

1.  Results: 

Each  data  set  was  saved  over  40  second  intervals  to  save  computing  time 
and  space.  Again,  our  group  found  retrieving  specific  results  from  JASMINE 
difficult  at  first  and  time-consuming.  We  were  to  find  data  for  specific  points  on 
the  thermocouple  trees  used  in  the  experiment.  However,  our  results  in 
JASMINE  are  presented  according  to  each  node  in  the  grid  spacing.  Therefore, 
we  had  to  match  the  node  spacing  with  the  thermocouple  spacing  the  retrieve  the 
desired  results.  The  results  obtained  are  reasonable  considered  our  inputs  and 
assumptions.  For  graphed  results,  see  here. 
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Thermocouple  Temperatures 

The  following  table  shows  thermocouple  temperatures  provided  in  the 
format  requested  in  the  exercise: 


Time  (s) 

T1.1  (“O 

T1.2('‘C) 

TI-SC'C) 

T1.4(“C) 

T1.5r“C) 

T1.6(“C) 

Ti-yc'c) 

1 

•ti-bC 

■ ■ 

- 

- 

0.0 

20.0 

20.0 

"S' 

20.0 

20.0 

20.0 

5: 

20.0 

•ft. 

20.0 

20.0 

40.0 

20.0 

20.0 

20.0 

20.0 

20.0 

20.0 

-- 

20.0 

-7.. 

20.0 

80.0 

20.8 

20.4 

20.4 

20.9 

22.9 

24.8 

26.8 

f 

31.7 

120.0 

- 

21.6 

21.6 

21.6 

23.4 

36.1 

40.1 

42.6 

* 

43.2 

160.0 

22.6 

24.0 

• 

35.8 

41.3 

44.5 

46.2 

47.4 

46.9 

200.0 

26.6 

29.8 

40.6 

46.4 

51.3 

54.7 

57.4 

1 

58.0 

240.0 

30.0 

34.6 

43.0 

51.4 

58.4 

62.9 

66.1 

64.6 

280.0 

34.2 

38.6 

45.5 

57.4 

65.1 

69.6 

72.8 

70.0 

320.0 

37.2 

41.6 

52.2 

62.6 

70.1 

74.6 

77.7 

73.6 

360.0 

40.3 

45.6 

57.2 

66.5 

74.0 

78.4 

81.3 

-V 

76.3 

400.0 

42.7 

50.7 

f' 

60.6 

69.4 

76.6 

80.8 

83.7 

- 

77.3 

Time  (s) 

T2.1  (“O 

T2.2  (°C) 

T2.3  Co 

•y. 

T2.4  (°C) 

T2.5  (“O 

T2.6  (°C) 

T2.7(°C) 

*T2.8f 

/ . : :ri. 

- “ 

.•1 

0.0 

20.0 

20.0 

20.0 

20.0 

20.0 

20.0 

20.0 

20.0 

40.0 

20.0 

20.0 

20.0 

20.0 

20.0 

20.0 

20.0 

20.0 

80.0 

20.6 

20.4 

20.3 

20.4 

21.5 

4 - 

23.9 

29.0 

37.3 

120.0 

21.6 

21.6 

21.5 

22.5 

35.4 

40.5 

45.6 

't; 

47.7 

160.0 

22.8 

25.2 

iL. 

34.0 

■ 7 

40.8 

44.5 

47.0 

50.1 

53.7 

200.0 

27.4 

29.9 

40.2 

45.4 

50.6 

55.0 

61.1 

67.3 

240.0 

30.0 

35.4 

41.9 

50.4 

57.6 

63.2 

70.0 

V 

74.2 

280.0 

34.4 

38.8 

42.8 

56.9 

64.6 

70.1 

76.9 

80.0 

320.0 

37.4 

42.0 

49.7 

62.0 

69.6 

1 

75.2 

81.7 

84.0 

360.0 

40.4 

45.6 

53.7 

66.2 

73.6 

79.0 

85.4 

87.0 

400.0 

42.1 

47.0 

60.5 

68.9 

76.1 

81.4 

87.4 

85.9 

Time  (s) 

- 

T3.1  Co 

T3.2  (°C) 

T3.3  (°C) 

T3.4  (“O 

* 

T3.5(''C) 

T3.6  (°C) 

T3.7  (“O 

s, 

♦ T3.8  C 

^ V.  ■^-V; 

■ii-  . ■■  • _ ■ ■ • 

■ 

> ' •-: 

j- 

0.0 

V- 

20.0 

20.0 

20.0 

- 

20.0 

20.0 

20.0 

20.0 

20.0 

40.0 

20.0 

20.0 

20.0 

20.0 

20.0 

20.0 

1 

20.0 

20.0 

80.0 

■f 

21.0 

20.6 

20.4 

20.4 

20.9 

24.4 

32.6 

‘K 

53.3 

120.0 

22.3 

22.3 

22.4 

23.8 

--- 

34.0 

40.3 

46.9 

& 

55.5 

160.0 

23.4 

24.9 

31.9 

39.8 

44.5 

47.5 

53.4 

- 

69.3 

200.0 

27.5 

31.4 

39.1 

43.9 

49.1 

54.4 

63.6 

87.5 

240.0 

30.6 

37.0 

40.2 

48.9 

56.4 

j: 

62.8 

72.9 

96.7 

280.0 

34.8 

40.0 

42.3 

55.7 

63.4 

69.8 

- 

79.5 

1 

102.e 

320.0 

38.1 

-4 

43.3 

47.3 

61.8 

68.7 

74.7 

84.5 

% 

107.'c 

360.0 

39.7 

46.7 

53.6 

65.7 

72.5 

78.5 

1 

88.0 

i 

Ill.t 

400.0 

41.2 

49.4 

59.5 

68.3 

74.9 

80.9 

89.1 

1 

96.5 

The  last  thermocouple  (#8)  is  at  the  roof  height  15.84m. 
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Infiltration  Flow  Rate 

The  following  table  shows  the  infiltration  flow  rate  through  the  vents: 


VELOCITY  @ LOWER  VENT  EAST  WALL VELOCITY  ©LOWER  WEST  WALL 


Time  (s) 

Lower 

Vent 

Edge 

Middle 
of  Vent 

Upper 

Vent 

Edge 

Lower 

Vent 

Edge 

Middle  of 
Vent 

Upper 

Vent 

Edge 

r - ■- 

■ 

0.0 

0.00 

0.00 

0.00 

0.00 

0.00 

0.00 

40.0 

0.00 

; 

-0.68 

-0.83 

8.33E-02 

0.53 

0.52 

80.0 

-0.19 

-0.81 

-0.40 

5.53E-02 

1.06 

0.96 

120.0 

'■A 

-0.21 

-0.81 

-0.42 

4.25E-02 

1.06 

1.01 

160.0 

-0.11 

-0.40 

-0.21 

-6.85E-03 

0.54 

0.51 

200.0 

1.87E-02 

4.34E-02 

-1.02E-03 

-2.25E-02 

-6.90E-02 

-1.66E-02 

240.0 

0.13 

0.43 

0.20 

-7.80E-02 

-0.34 

-0.12 

280.0 

9.06E-02 

0.74 

0.56 

-0.12 

0.50 

.in. 

0.20 

320.0 

1-'^' 

5.07E-02 

0.97 

0.86 

-0.16 

-0.68 

-0.29 

360.0 

7.50E-02 

1.21 

1.15 

-0.20 

-0.85 

-0.37 

400.0 

0.15 

2.29 

2.25 

-0.37 

^ 

-1.58 

-0.71 

(The  node  alignment  in  our  model  only  allowed  data  to  be  collected  for  the  middle  of  the 
upper  vents) 

Velocity  @ Middle  of  East  and  West  Wall 
Upper  Vents 


EAST  WALL  WEST  WALL 


Time  (s) 

V (m/s) 

V (m/s) 

0.0 

0.00 

0.00 

40.0 

0.71 

& 

0.75 

80.0 

1.54 

1.62 

120.0 

2.08 

% 

2.11 

160.0 

2.24 

2.31 

200.0 

2.58 

2.70 

240.0 

2.90 

3.03 

280.0 

3.10 

3.24 

320.0 

3.22 

3.37 

360.0 

i 

3.25 

3.42 

400.0 

2.03 

2.17 

Variation  in  velocity  reflects  are  movement  affected  by  the  two  objects  in  the  space. 

Interface  Height 

In  order  to  extract  an  interface  height,  we  used  two  different  methods. 


The  first  method  was  to  simply  use  the  3D  contour  visual  aids  provided  by 
JASMINE  (see  pictures)  to  see  the  change  in  temperature  in  the  test  hall.  We  were  then 
able  to  change  temperature  contours  to  represent  a two  layer  3D  picture.  Placing  the  grid 
spacing  over  this  contour  picture  we  were  able  to  find  the  interface  height.  This  became 
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more  difficult  as  the  mixing  of  temperature  layers  increased  as  the  time  period  increased. 
The  following  table  shows  the  interface  height  (in  terms  of  distance  from  the  floor): 


Time  (s) 

Layer  Height  (m) 
(Contour) 

Layer  height  (m) 
(NIST) 

0.0 

: ;45.84 

15.84 

40.0 

^ 15.84  ' 

15.84 

80.0 

^ 13.84 

12.06 

120.0 

10.8 

8.6 

160.0 

7.98 

4.89 

200.0 

4.81 

240.0 

- 5.4 

3.36 

280.0 

4.38.;' 

2.76 

320.0 

ICO 

1.53 

360.0 

'2.0  r . 

1.09 

400.0 

1.0  - - 

.24 

(Contour  means  first  method,  NIST  means  second  method  below) 

The  second  method  was  drawn  form  the  Journal  of  Research  of  the  National 
Institute  of  Standards  and  Technology,  “Data  for  Room  Fire  Model  Comparisons,” 
(Peacock,  Davis,  & Babrauskas,  96,4,1991).  This  paper  describes  a method  to”  take  a 
limited  number  of  point- wise  measurements  to  determine  a layer  interface  and 
temperature.” 

Here  are  the  steps  taken  to  obtain  data  using  this  method: 

1.  Temperature  data  for  all  three  thermocouple  trees  was  averaged  at  each 
thermocouple  height  (as  suggested  in  the  Benchmark  Exercise) 

2.  As  described  by  Peacock,  Davis  & Babrauskas,  the  equivalent  two  layer 
zone  height  is  the  height  where  the  data  temperature  equals  Tn, 

where  . In  this  equation,  Cn  is  a coefficient, 

normally  .2,  Tb  is  the  temperature  at  the  bottom  of  the  room.  Tmax  is  the 
maximum  temperature. 

3.  Also  described  by  Peacock,  Davis,  & Babrauskas,  the  interface  height  is 
calculated  by  iterating  between  data  points  to  find  the  interface  height  at 
Tn. 

4.  The  upper  layer  temperature  is  the  average  temperature  from  all  three 
thermocouple  trees  above  the  interface  height. 
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Thermocouples  above  fire 

The  temperature  at  two  thermocouples  above  the  fire: 


Time  (s) 

TG.1  (°C) 

TG.2  (°C) 

- 

y- 

0.0 

20.0 

20.0 

40.0 

122 

21.0 

80.0 

573 

136 

120.0 

218 

85 

160.0 

385 

123 

200.0 

496 

174 

240.0 

681 

188 

280.0 

641 

192 

320.0 

656 

197 

360.0 

670 

208 

400.0 

173 

118 

The  upper  layer  temperature: 

Again,  we  used  both  JASMINE  3D  contours  and  the  NIST  method  described 
above.  


Time  (s) 

- 

Upper  Layer 
Temperature 
(Contour)  - . 

Upper  Layer 
Temperature 
(NIST) 

-■  --  ' 

- -“f 

0.0 

-il.-  ' 

— 

40.0 

- 

" : >- ‘ - 

— 

80.0 

- -29.4  ^^ 

31.5 

120.0 

AosyyM 

39.2 

160.0 

- 42.5.  ' - 

43.1 

200.0 

47'"  > ^ 

50.9 

240.0 

56.6  > ' 

53.8 

280.0 

1 57.1 

58.8 

320.0 

' ' --  63*2 

63.1 

360.0 

■ ■ 66.91/ 

66.6 

400.0 

' - ' 68^8  - 

68 

The  total  heat  release  within  the  whole  haU  is  513.2  MJ. 

1.  Conclusion: 

As  participants  in  this  international  exercise,  we  do  not  have  access  to  the 
measured  results  from  the  experiment  to  compare  our  modeled  results.  Therefore, 
we  cannot  comment  on  how  comparing  our  model  results  with  the  experimental 
data. 

However,  our  results  appear  to  be  reasonable  and  comparable  to  other 
groups  within  our  class.  More  importantly  we  have  proven  that  computer  fire 
model  results  cannot  be  taken  at  face  value  as  hard  and  fact  predictions  for 
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building  evaluation  or  design.  CFD  models  are  powerful  tools  and  a complex 
model  such  as  JASMINE  can  be  used  to  provide  more  accurate  results  then  most 
computer  simulations.  However,  a tool  such  as  this  can  be  dangerous.  Basic 
knowledge  of  fire  dynamics  and  fire  protection  engineering  may  allow  a user  to 
obtain  results  from  these  models  that  may  not  be  accurate  or  worse,  not 
conservative.  In  order  to  achieve  results  that  can  be  used  in  building  evaluation 
and  design,  the  user  needs  extensive  fire  dyn2unics  and  fire  protection  engineering 
experience  couple  with  total  understanding  of  CFD  and  the  computer  model  at 
hand.  Our  experience  in  this  exercise  highlights  the  need  for  great  caution  when 
making  fire  protection  decisions  based  on  fire  model  simulations. 
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Appendix  3 JASMINE  3D  representation  of  final  geometry 
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FP  571 : Performance  Based  Design 
Benchmark  Exercise  #2:  Fire  in  a Large  Mali 
February  25,  2002 


Lars  Sorthe 
Jim  Shannon 
Garrett  Kaye 


Introduction: 

As  part  of  the  curriculum  for  Professor  Barnett’s  Performance  Based 
Design  course  (FP571,  Spring  2002),  our  class  is  participating  in  the  International 
Collaborative  Project  to  Evaluate  Fire  Models  for  Nuclear  Power  Plant 
Applications.  Specifically,  we  are  dealing  with  Benchmark  Exercise  #2,  which  is 
entitled  “Fire  in  a Large  Hall”.  Our  class  of  nine  students  was  divided  into  three 
separate  groups,  and  each  group  was  assigned  a different  computer  model  to 
evaluate  the  scenario  described  later  in  this  paper.  It  is  important  to  note  that  we 
were  told  to  Ignore  the  fact  that  the  hall  is  actually  a nuclear  power  plant  facility, 
and  simply  model  the  space  as  a large  hall.  This  Is  because  as  fire  protection 
engineering  students,  our  main  concern  Is  to  determine  how  accurately  fire 
models  can  represent  fires  in  a large  space,  rather  than  dealing  with  any 
additional  nuclear  power  related  complexities. 

Casel : 

Large  Hall 

Dimensions:  27  m x 13.8  m x 19  m 
Pitched  roof 

Two  large  obstructions  on  floor 
Fire  source  located  16m  from  west 
wall  and  7.4  m from  south  wall 
Heptane  pool  fire  with  a diameter  of 
1.17m 


Figurel : Picture  of  modeled  space 
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The  Fire  Model: 

Our  class  looked  at  a total  of  three  (3)  computer  fire  models:  two 
computational  fluid  dynamics  (CFD)  models,  and  one  zone  model.  The  CFD 
models  we  looked  at  are  called  Fire  Dynamics  Simulator  (FDS)  and  Jasmine, 
respectively,  while  the  zone  model  is  called  CFast.  Our  group  was  assigned  the 
FDS  model. 

FDS  Is  a CFD  model  of  fire-driven  fluid  flow,  developed  by  the  National 
Institute  of  Standards  and  Technology  (NIST).  FDS  software  numerically  solves 
a form  of  the  Navier-Stokes  equations,  and  Is  appropriate  for  low-speed, 
thermally  driven  flow  with  an  emphasis  on  the  smoke  and  heat  transport  from 
fires.  The  first  version  of  FDS  was  released  in  February  2000,  while  the  second 
version  was  released  recently  in  December  2001 . Both  versions  of  FDS  are 
written  in  Fortran. 

The  Combustion  Modei: 

Our  group  chose  to  use  the  second  version  of  FDS  for  Benchmark 
Exercise  #2  because  of  the  improvements  that  were  made  since  the  first  version 
was  released.  The  first  version  of  FDS  contains  a relatively  simple  combustion 
model  that  utilizes  ‘Ihermal  elements”.  Thermal  elements  are  “massless” 
particles  convected  with  a flow  and  heat  release  at  a specified  rate.  According  to 
the  user  manual,  this  model  is  easy  to  implement  and  relatively  cheap 
computationally;  however,  it  lacks  the  necessary  physics  to  accommodate  under 
ventilated  fires. 

The  second  version  of  FDS  Is  more  comprehensive,  and  handles  oxygen 
consumption  more  naturally  by  solving  an  equation  for  a conserved  scalar 
quantity,  known  as  the  “mixture  fraction”.  The  mixture  fraction  Is  defined  as  the 
fraction  of  gas  at  a given  point  in  the  flow  field  that  originated  as  fuel.  The  model 
assumes  that  combustion  is  mixing-controlled,  and  that  the  reaction  of  fuel  and 
oxygen  happens  Infinitely  fast  (i.e.  instantaneously).  The  mass  fractions  of  all  the 
major  reactants  and  products  can  be  derived  from  the  mixture  fraction  by  means 
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of  “state  relations”,  which  are  empirical  expressions  solved  by  a combination  of 
simplified  analysis  and  measurement.'' 

FDS  is  based  on  a set  of  complex  equations  that  describe  the  transport  of 
mass,  momentum,  and  energy  resulting  from  fire-induced  flows.  However,  the 
actual  forms  of  the  equations  that  FDS  uses  have  been  simplified  to  reduce  the 
calculation  time  required.  The  technical  user  manual^  says  that  this  simplification 
of  equations  is  justified  because  the  general  equations  of  fluid  dynamics  describe 
a rich  variety  of  physical  processes,  many  of  which  have  nothing  to  do  with  fires. 
As  a result  of  this  simplification,  FDS  models  scenarios  as  quasi-steady,  where 
the  characteristics  of  each  cell  (such  as  gas  temperature  and  velocity)  are 
uniform  throughout  the  cell  at  any  given  time.  The  accuracy  with  which  the 
actual  fire  dynamics  can  be  simulated  therefore  depends  on  the  number  of  cells 
that  can  be  incorporated  into  the  simulation,  which  is  ultimately  limited  by  the 
performance  of  the  computer  used  to  run  the  simulation.  Given  the  processing 
speed  and  memory  of  today’s  computers,  simulations  are  typically  limited  to  less 
than  one  million  cells.  In  real  life,  combustion  processes  take  place  at  scales  of  1 
mm  or  less,  while  the  scales  associated  with  building  fires  are  on  the  order  of 
meters  to  10’s  of  meters.  Therefore,  in  order  to  simulate  all  relevant  fire 
processes,  the  range  of  scales  for  length  that  need  to  be  accounted  for  is  roughly 
10"^  to  10^.  The  lesson  to  be  learned  from  all  of  this  is  that  FDS  cell  size  and 
distribution  could  have  a significant  impact  on  the  accuracy  of  results. 
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FDS  Input: 

The  FDS  input  file  is  a text  file  with  the  file  extension  ‘*.data’.  In  the  input  file, 
the  name  of  the  output  files  need  to  be  specified.  If  this  detail  is  forgotten,  earlier 
output  files  with  the  same  case  name  will  be  overwritten  and  the  data  will  be  lost. 
The  input  file  determines  the  characteristics  of  the  fire  scenario  through  written 
Fortran  code.  Listed  are  some  of  the  Inputs  for  this  exercise,  however  this  is  not 
a complete  list  of  all  the  variables  that  can  be  specified: 

• Time  limit  for  the  run 

• Global  parameters 

• Describing  the  fire, 

• Physical  dimensions  (x,  y and  z), 

• Cell  distributions  (x,  y and  z), 

• Obstructions 

• Boundary  conditions 

• Vents 

• Detectors  and  thermocouples 

• Output  files 

In  addition  to  the  input  file  there  is  a database  file  that  gives  the  user  the  ability  to 
specify  thermal  properties  for  different  materials.  There  are  several  default 
properties  given  by  NIST  that  the  user  can  utilize. 

The  Input  file  is  written  by  the  user  and  is  the  only  way  for  the  user  to 
affect  how  FDS  will  do  calculations.  Since  the  user  must  write  the  input  in  code, 
this  gives  an  unnecessary  dependence  between  the  results  and  the  user’s 
knowledge  of  FDS  and  Fortran  code. 

Benchmark  Exercise  No.  2,  Case  1 : 

As  mentioned  previously,  case  1 is  a small  fire  with  only  natural  ventilation. 
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The  Fire: 

In  the  handout,  the  fire  is  described  using  mass  loss  rates  at  given  times 
during  the  fire.  Using  this  data  with  the  heat  of  combustion  (AHc)  for  heptane,  a 
heat  release  rate  for  the  fire  is  easily  created.  Furthermore  this  gives  us  the 
possibility  to  specify  a heat  release  rate  per  unit  area.  Since  this  is  a pool  fire,  it 
is  reasonable  to  assume  the  fire  to  grow  instantaneous  after  ignition  and  no 
growth  time  normally  associated  with  t^  fires. 


Heat  Release  Rate 
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The  decay  period  of  the  fire  can  be  specified  using  FDS  by  inputting  when 
a decline  occurs  in  the  hear  release  rate  at  a certain  time  in  the  simulation.  This 
requires  more  understanding  on  Fortran  code  which  is  beyond  the  knowledge  of 
our  group,  so  we  only  ran  the  simulation  for  300  seconds. 

With  a fire  area  of  1 .09m^,  the  heat  release  rate  per  unit  area  can  easily 
calculated  which  gives  the  following  graphical  presentation. 


Heat  Release  Rate  Per  Unit  Area 

1,800  j 
^ 1,600  - 
\ 1,400  - 
^ 1,200  - 
^ 1,000  - 
< 800  -j 

^ 600  - 
OC  400  - 
^ 200  - 
0 - 
0 


60  120  180  240  300  360  420  480 
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Physical  Dimensions  and  Cell  Grid: 

FDS  allows  the  user  to  specify  the  physical  dimensions  and  number  of 
cells  associated  with  each  direction.  Unless  otherwise  instructed,  FDS  will 
distribute  the  cells  normally  over  each  dimension.  A Poisson  solver  based  on 
Fast  Fourier  Transforms  In  the  calculations  also  limits  the  number  of  cells  In  each 
direction.  The  dimensions  of  the  grid  should  be  of  the  form  2^3"5',  where  m,  n 
and  I are  integers.  A good  example  of  how  this  works  is  the  number  72,  which 
can  be  written  as:  2^3^;  however  numbers  like  51 , 73,  and  109  cannot  be 
specified. 

Since  all  surfaces  must  line  up  with  the  grid,  no  objects  or  other  physical 
shapes  can  be  circular  or  diagonal.  In  this  exercise  the  roof  Is  diagonal,  and  the 
fire  and  mechanical  vent  is  circular.  For  those  shapes,  an  equivalent  area  must 
be  found  that  will  simulate  the  same  shapes. 


Figure  2:  Example  of  grid  in  Y-Z  direction 

FDS  gives  the  user  the  option  to  concentrate  cells  around  areas  of  Interest 
which  helps  minimize  the  number  of  cells  used.  This  In  turn  reduces  the 
computational  time  of  the  scenario.  This  option  is  described  later  In  the  sensitivity 
study. 
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Fire,  Objects  and  Vents 

The  fire  is  located  1 m above  the  floor  near  the  center  of  the  room  and 
there  are  two  large  rectangular  objects  on  the  floor  in  the  hall.  The  surfaces  of 
these  two  obstructions  were  modeled  as  concrete,  with  properties  specified  in  the 
handout.  This  is  fairly  easy  Incorporated  in  the  input  file.  All  objects  in  the  hall 
must  be  given  specific  x,  y and  z values  describing  where  they  are  located 
(x1  ,x2,  y1  ,y2,  z1  ,z2).  If  the  dimensions  do  not  line  up  with  the  grid,  FDS  will 
move  them  to  the  closest  grid.  This  is  because  all  calculations  are  done  from  cell 
to  cell  and  there  can  not  be  anything  dividing  a cell. 

When  modeling  the  roof  geometry,  there  Is  a trade  off  between  surface 
area  and  volume  since  there  cannot  be  any  diagonal  lines.  Instead  we  had  to 
make  the  roof  with  only  vertical  and  horizontal  lines  thus  making  it  look  like  steps. 
This  will  impact  the  flow  near  the  roof,  but  FDS2  does  have  a solution  to  this 
problem.  To  lessen  the  Impact  from  these  steps,  a parameter  must  be  written  into 
each  surface  line  in  the  input  file.  According  to  the  user  manual,  this  is  not  a 
perfect  solution  to  the  problem,  but  It  does  lessen  the  Impact  from  velocities 
around  sharp  corners. 

Surfaces 

As  mentioned  earlier,  the  obstructions  inside  the  hall  are  simulated  as 
concrete  blocks.  The  floor  is  also  concrete,  while  the  walls  and  the  roof  is  a 
combination  of  sheet  metal  and  mineral  wool.  According  to  the  user  manual\ 
FDS  has  the  capability  to  simulate  sheet  metal  over  an  insulated  surface. 
However,  while  trying  this  option,  the  program  would  not  start  and  gave  an  error 
for  the  surface.  Even  with  the  default  sheet  metal  in  the  database  file  given  by 
NIST,  the  same  error  occurred.  Describing  a surface  as  only  mineral  wool  was 
possible,  but  to  see  if  there  were  any  significant  differences  in  the  results,  several 
runs  with  different  surfaces  were  done.  Details  regarding  this  are  discussed  later 
in  the  report. 

A solid  surfaces  affected  by  convective  or  radiative  heat  transfer  from  the 
surrounding  gasses  can  be  specified  as  either  thermally-thin  or  thermally-thick. 
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Specifying  the  thermal  properties  of  the  surface  in  the  database  file  does  this.  For 
thermally-thin  surfaces,  a product  of  the  specific  heat,  density  and  the  thickness 
of  the  layer  are  specified.  A thermally-thin  layer  can  further  be  specified  as 
Insulated  so  no  heat  is  lost  to  the  backing  material.  Thermally-thick  surfaces  are 
specified  through  the  thermal  diffusivlty,  the  thermal  conductivity  and  the 
thickness  of  the  material.  Setting  these  parameters  will  direct  the  code  to  perform 
a one-dimensional  heat  transfer  calculation  across  the  thickness  of  the  material. 
In  neither  case  does  the  heat  get  transferred  through  the  entire  wall  Into  the  next 
room,  but  for  this  case  it  doesn’t  matter  since  we  are  only  modeling  one  room. 

Runs 

As  a part  of  the  sensitivity  study,  several  runs  were  completed.  The  differences  in 
these  runs  were: 
o Number  of  cells 
o Cell  distribution 
o Surfaces 
o Heat  release  rate 


Casela 

Case 1b 

Casele 

Case Id 

Casele* 

HRRPUA 

1700  kW  m’^ 

1700  kW  m’^ 

1700  kW  m'^ 

1500  kW  m'^ 

1700  kW  m'^ 

Surfaces 

Concrete  and 
mineral  wool 

All  concrete 

Concrete  and 
mineral  wool 

Concrete  and 
mineral  wool 

Concrete  and 
insulated  sheet 
metal 

^dim./  cells 

X-  27m/108 
y-  13.8m/30 
z-  19m/75 

X-  27m/108 
y- 1 3.8m/30 
z- 1 9m/75 

X-  27m/108 
y- 13.8/56 
z-19m/75 

X-  27m/108 
y-  13.8m/30 
z-  19m/75 

X-  27m/108 
y-  13.8m/30 
z-  19m/75 

Sell  distribution 

Transformed  in 
the  y-dir. 

Transformed  in 
the  y-  dir. 

Normal 

Transformed  in 
the  y-dir. 

Transformed  in 
the  y dir. 

* Casele  did  network 

We  used  Casela  as  the  base  run,  while  the  other  runs  where  done  to  see  if  the 
changes  had  any  significant  impact  on  the  results.  Casele  was  supposed  to  be 
the  base  run,  but  since  this  case  did  not  give  any  results  we  had  to  choose 
another  one. 
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Sensitivity  Study: 

Surface,  for  the  different  surfaces  the  difference  in  ’All  concrete’  and  the 
’Concrete  and  mineral  wool’  runs  showed  some  difference  In  the  heat  of  the 
smoke  layer.  The  difference  was  not  significant,  but  in  the  order  of  about  10% 
lower  for  the  temperature  rating  of  the  thermo-couples.  The  change  in  the 
thermal  values  for  the  surfaces  are  of  the  wall  might  give  different  values  for  the 
hole  run,  so  to  be  conservative  the  higher  temperature  will  give  more  severe 
results. 

The  grid  size  and  grid  spacing  is  of  more  interest.  The  runs  with  denser 
cells  around  the  fire  had  fewer  cells  than  the  runs  with  a normal  distribution  of 
cells.  There  could  not  be  found  any  change,  less  than  5%  in  the  temperature 
ratings,  but  the  number  of  tracer-particles  fell  drastically  with  normal  distribution. 
This  is  expected  from  the  fact  that  the  fire  will  happen  in  an  area  of  fewer  cells 
and  this  will  have  an  effect  In  how  the  fire  will  ’burn’  in  the  model.  The  details 
regarding  this  is  outside  the  knowledge  of  the  members  of  the  group,  but  as  long 
the  runs  with  fewer,  but  denser  cells  around  the  fire,  give  somewhat  same  results 
we  can  assume  that  this  error  is  within  the  expected  range. 

Changing  the  fire  size  give  lower  themperature  reading  of  the  thermo- 
couples, as  expected.  The  model  is  reacting  to  the  change  In  the  heat  release 
input,  so  the  model  is  not  doing  anything  unexpected  here. 

Results 

Finding  the  smoke  layer  is  not  easily  determined  with  a CFD  model.  The 
visual  output  in  ’Smokeview’  show  the  tracer  particles  as  the  model  runs.  From 
these  visual  readings,  it  Is  shown  that  the  smoke  layer  is  not  descending  below  4 
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meters,  which  is  the  height  of  the  smaller  object  in  the  space. 


Figure  3:  Smoke  layer  interface  at  300s 


In  the  handout,  a method  is  described  using  the  temperatures  given  by  the 
thermocouples.  This  method  uses  a one-dimensional  analysis  utilizing  upper  and 
lower  temperatures  and  conservation  of  mass. 


{ti  - Zim  Yup  + = J T{z)dZ  =/, 

0 

1 

- Zm.  Kp  + ZiB  — = JtT-N*  =^^2 

^ low  0 

which  can  be  rewritten  as 

h+hTL-^T^.H 

Where  Tow  is  the  temperature  at  the  lowest  discrete  measurement  location 
(TN.1)  and  U and  I2  are  calculated  from  the  discrete  data  set  using  a quadrature 
rule,  e.g.  Simpson’s  Rule.  Tup  is  then  calculated  by  applying  the  mean  value 
theorem  over  the  integral  z=Zint  to  z=H 
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Mass  Flow  Rates 

For  Case1  there  was  only  natural  leakage.  In  order  to  simulate  this,  four 
openings  to  the  exterior  were  placed  on  the  east  and  west  walls.  The  location 
and  size  of  the  vents  were  specified  in  the  handout. 

FDS2  uses  thermocouples  to  measure  different  quantities.  So  a 
thermocouple  can  measure  temperature  and  velocities  as  well  as  other 
characteristics.  Locating  thermocouples  near  the  vent  openings  and  measuring 
the  velocities  at  those  openings  found  the  mass  flow  rates.  The  mass  flow  rate 
can  then  be  found  by  assuming  a uniform  velocity  throughout  the  opening. 
Where  positive  direction  is  Into  the  enclosure. 


Location 

Velocity 

Density 

Area 

Mass  flow  rate 

[m/sec] 

[m®/kg] 

[m^] 

[kg/sec] 

West,  bottom 

1.7 

1.20 

0.5 

1.0 

West,  top 

-2.6 

1.07 

0.5 

-1.4 

East,  bottom 

1.7 

1.20 

0.5 

1.0 

East,  top 

-2.6 

1.07 

0.5 

-1.4 

Total  heat  loss  can  be  measured,  but  only  as  a visual  presentation  through 
Smokevlew.  The  technical  way  of  showing  this  is  found  in  the  Smokeview  user 
manual,  but  it  must  be  specified  in  the  input  data  file.  The  heat  loss  is  shown  as 
a change  In  the  color  on  the  surfaces.  This  feature  takes  a lot  of  computational 
time  and  was  only  done  In  the  base  run.  The  smoke  view  file  and  the  associated 
files  take  a lot  of  computer  storage  space  and  will  be  made  available  on  a CD. 
Another  way  of  measuring  heat  loss  to  the  walls  is  to  place  thermocouples  along 
that  are,  but  the  uncertainty  In  the  location  and  number  of  thermocouples  needed 
were  outside  the  limits  of  this  group. 
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The  upper  layer  temperature  was  found  with  the  thermocouples  in  the  building.  A 
total  of  three  (3)  thermocouple  trees  were  located  in  the  space.  The  temperature 
measuring  of  these  trees  are  presented  below  in  charts. 
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Thermocouple  Tree  2 
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Thermocouple  Tree  3 
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Plume  Thermocouples 
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Reference: 


1 . Fire  Dynemics  Simulator  (Version  2)  - User’s  Guide,  Kevin  B.  McGrattan 
et  al,  NIST,  November,  2001 

2.  Fire  Dynamics  Simulator.  (Version  2)  - Technical  Reference  Guide,  Kevin 
B.  McGrattan  et  al,  NIST,  November,  2001 

3.  Handout  regarding  Benchmark  2 exercise 
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Analysis  of  Benchmark  Exercise  Two: 

An  Examination  of  Large  Turbine  Hall  Fires  with  the  CFAST  Fire 

Modeling  Code 

Westinghouse  Safety  Management  Solutions  LLC 

A.  R.  Martin  and  D.  A.  Coutts 

amber.martin@wxsms.com 

allan.coutts@wxsms.com 


The  Savannah  River  Site  (SRS)  has  an  obligation  to  fulfill  Department  of  Energy  (DOE) 
expectations^^’  The  DOE  expectation  is  that  software  quality  assurance  (SQA)  is  in  place  that 
will  ensure  that  computer  software  will  perform  its  intended  functions  in  a consistent  manner  and 
that  software  modifications  will  not  result  in  unanticipated  problems.  SRS  is  in  the  process  of 
improving  the  site  SQA  program. 

The  SQA  program  is  currently  being  applied  to  CFAST,  Version  3.1.6.  In  the  process,  code 
capabilities  and  limitations  are  being  evaluated.  A typical  problem  requiring  analysis  at  SRS  is 
evaluating  heat  transfer  to  a liquid  filled  process  tank  and  estimating  evaporation  from  the  tank. 
An  understanding  of  how  to  accomplish  this  using  the  output  available  from  CFAST  is  required. 
In  addition,  several  sample  problems  must  be  established  that  provide  input  and  output  so  that, 
when  the  code  is  initially  installed,  it  can  be  demonstrated  that  the  installation  was  successful. 

As  part  of  the  SQA  effort.  Benchmark  Exercise  1 (Part  1)  was  developed  into  a sample  problem 
format  and  work  is  in  progress  on  Benchmark  Exercise  2 (Part  I)  for  use  as  an  additional  sample 
problem.  Under  this  present  effort,  preliminary  evaluation  of  Benchmark  Exercise  2 (Part  1)  has 
been  completed  for  cases  I,  2 and  3.  Since  CFAST  is  limited  to  a rectangular  geometry,  the 
ceiling  height  was  adjusted  to  15.84  m to  maintain  the  turbine  hall  volume.  A lower  oxygen 
limit  of  12%,  as  used  in  Benchmark  Exercise  I,  a radiative  fraction  of  20%  and  a relative 
humidity  of  50%  were  used.  For  the  wall  layers,  the  specification  stated  sheet  metal  on  top  of 
mineral  wool.  A three  layer  material  with  mineral  wool  (5  cm  thick)  between  two  layers  of  sheet 
metal  (each  layer  1 mm  thick)  was  created.  Pyrolysis  rates  and  ventilation  conditions  are  as 
identified  in  the  specification  for  part  one  of  Benchmark  Exercise  2. 

In  conclusion,  SRS  is  charged  with  verifying  and  validating  the  CFAST  software. 

Demonstration  of  code  capabilities  and  limitations  as  well  as  establishment  of  sample  problems 
has  been  accomplished  by  exercising  benchmark  problems  1 and  2.  In  addition,  a non-fire 
mechanical  ventilation  flow  case  has  been  established. 


* Implementation  Guide  for  use  with  DOE  Orders  420.1  and  440.1  Fire  Safety  Program.  G-420.1/B-0  G-440.1/E-0. 
September  30, 1995. 

^ Quality  Assurance  for  Safety-Related  Software  at  Department  of  Energy  Defense  Nuclear  Facilities. 
DNFSB/TECH-25.  January  2000. 
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Large  Eddy  Simulations  of  Fire  Tests  in  a Large  Hall 


Kevin  McGrattan  and  Jason  Floyd 
Building  and  Fire  Research  Laboratory 
National  Institute  of  Standards  and  Technology 
Gaithersburg,  Maryland  20899 
USA 


In  cooperation  with  the  fire  protection  engineering  community,  a numerical  fire  model.  Fire  Dy- 
namics Simulator  (FDS),  is  being  developed  at  NIST  to  study  fire  behavior  and  to  evaluate  the 
performance  of  fire  protection  systems  in  buildings.  Version  2 of  FDS  was  publicly  released  in 
December  2001  [1,2].  The  model  is  based  on  the  low  Mach  number  form  of  the  Navier-Stokes 
equations  and  uses  a large  eddy  simulation  (LES)  technique  to  represent  unresolved,  sub-grid 
scale  motion.  The  fire  is  modeled  by  solving  a transport  equation  for  the  conserved  scalar  quantity 
known  as  the  mixture  fraction,  a linear  combination  of  the  fuel  and  oxygen  that  indicates  the  mass 
fraction  of  the  gas  originating  as  fuel.  The  advantage  of  the  mixture  fraction  approach  is  that  all 
of  the  species  transport  equations  are  combined  into  one,  reducing  the  computational  cost.  Ther- 
mal radiation  is  modeled  by  solving  the  radiative  transport  equation  for  a non-scattering  gray  gas 
using  what  is  known  as  the  Finite  Volume  Method  [3].  Using  approximately  100  angles,  the  finite 
volume  solver  requires  about  15%  of  the  total  CPU  time  of  a calculation,  a modest  cost  given  the 
complexity  of  radiation  heat  transfer. 

FDS  has  recently  been  applied  to  a series  of  benchmark  fire  tests  performed  as  part  of  the  “Interna- 
tional Collaborative  Project  to  Evaluate  Fire  Models  for  Nuclear  Power  Plant  Applications.”  The 
tests  analyzed  here  make  up  Benchmark  Exercise  #2.  Three  fire  tests  were  performed  in  a large 
fire  test  hall.  In  each,  a pool  of  heptane  was  burned  for  about  5 minutes,  during  which  time  gas 
temperatures  were  measured  in  three  vertical  arrays  and  at  two  points  within  the  fire  plume.  The 
fire  size  and  ventilation  configurations  were  changed  from  test  to  test.  Details  of  the  tests  can  be 
found  in  these  same  proceedings. 

The  heat  release  rate  of  the  fires  in  each  case  was  calculated  from  the  measured  mass  loss  rate 
of  fuel,  thus  the  model  is  not  making  a prediction  of  the  total  energy  output.  While  it  is  possible 
to  predict  the  fraction  of  the  total  energy  output  that  is  emitted  from  the  fire  as  thermal  radiation, 
we  chose  to  apply  an  empirical  fraction  of  35  % based  on  numerous  experiments.  The  purpose 
of  the  numerical  model  in  this  exercise  is  to  predict  how  the  energy  from  the  fire  is  transported 
throughout  the  test  hall  as  a function  of  time.  The  key  to  handling  this  problem  properly  is  to 
simulate  well  the  mixing  of  hot  combustion  products  and  fresh  air  within  the  fire  plume.  The 
technique  adopted  by  FDS  for  this  purpose.  Large  Eddy  Simulation  (LES),  is  not  widely  used  in 
the  fire  community  because  of  the  extensive  development  of  various  Reynolds-Averaged  Navier- 
Stokes  (RANS)  models,  some  of  which  are  demonstrated  within  these  proceedings.  The  benefit  of 
LES  over  RANS  is  that  it  renders  a more  faithful  representation  of  the  fire  and  plume  dynamics 
because  it  captures  fluid  motion  at  length  and  time  scales  consistent  with  the  underlying  numerical 
grid.  For  example,  animations  of  the  fire  and  smoke  plume  show  the  pulsating  and  oscillating 
behavior  observed  in  actual  experiments.  With  the  RANS  approach,  this  motion  is  filtered  out  and 
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the  fire  and  plume  are  rendered  as  time-averages  of  the  actual  flow  fields.  While  both  approaches 
have  been  demonstrated  to  work  in  a variety  of  fire  applications,  we  believe  that  that  LES  approach 
will  eventually  be  adopted  more  widely  because  of  its  more  faithful  rendering  of  fire  behavior. 

Of  course,  the  outcome  of  an  LES  calculation  is  only  as  good  as  the  underlying  numerical  grid.  If 
the  governing  equations  of  motion  are  approximated  on  a numerical  grid  whose  cells  are  too  large 
relative  to  the  characteristic  length  scales  of  the  fire  or  fire  plume,  not  only  will  the  realistic  fluid 
dynamics  be  lost,  but  the  mixing  will  be  under-estimated,  and  in  the  case  here,  the  upper  layer 
temperatures  predicted  by  the  model  will  be  hotter  than  those  measured.  For  this  reason,  up  to 
now  the  LES  technique  has  not  been  considered  of  practical  use  to  the  fire  protection  engineer. 
What  has  made  the  technique  useful  is  faster,  cheaper  computers  and  better  numerical  methods. 
A recent  advancement  for  FDS  has  been  the  implementation  of  multiblock  gridding,  that  is,  the 
use  of  more  than  one  structured  numerical  grid  in  a single  simulation.  Until  recently,  FDS  used  a 
single  uniformly-spaced  rectangular  mesh  to  divide  up  a largely  rectangular  space  into  hundreds 
of  thousands  or  millions  of  cells.  The  benefit  is  ease-of-use,  the  downside  is  that  it  is  difficult 
to  adequately  resolve  the  numerical  grid  in  regions  of  interest,  like  the  fire  plume,  when  a large 
space  is  to  be  modeled.  Preliminary  calculations  of  the  benchmark  fire  tests  required  on  the  order 
of  80  CPU  hours  on  a 1.7  Ghz  Pentium  IV  processor.  By  using  more  than  one  numerical  grid, 
the  CPU  time  was  reduced  to  20  hours,  and  the  resolution  in  the  region  of  the  fire  and  plume  was 
improved. 

The  figures  in  the  accompanying  presentation  show  the  geometry  of  the  test  hall  and  the  layout  of 
the  various  numerical  grids  used  in  the  simulation.  The  finest  grid  surrounding  the  fire  is  4 m by 
4 m by  10  m high,  with  grid  cells  13  cm  on  a side.  Five  other  separate  grids  are  used  to  cover 
the  rest  of  the  space  at  a resolution  of  40  cm.  Within  each  grid,  the  cells  are  uniform  in  size.  In 
all,  216,000  grid  cells  are  used  in  the  calculation.  Ten  minutes  of  real  time  are  simulated.  Some 
simplifications  to  the  geometry  include  making  the  burner  and  the  exhaust  duct  square  rather  than 
round,  and  approximating  the  sloped  ceiling  as  a series  of  stair  steps.  Otherwise,  everything  else 
is  as  specified  in  the  problem  description.  Heptane  (C7H16)  is  used  as  a fuel.  Temperature  and 
velocity  predictions  are  recorded  at  all  of  the  specified  locations. 

The  results  of  the  three  calculations  agree  well  with  the  measurements.  For  Test  1,  the  predicted 
temperatures  at  the  5 upper  thermocouple  locations  in  each  array  are  within  10  °C  of  the  measured 
temperatures,  usually  on  the  high  side.  The  lower  5 temperature  locations  show  good  agreement  as 
well,  with  the  greatest  difference  being  for  the  lowest  two  thermocouples,  which  under-predict  the 
measured  temperatures  by  roughly  10  °C.  Given  slightly  higher  temperatures  in  the  upper  layer, 
it  is  not  surprising  to  see  slightly  lower  temperatures  somewhere  else  since  the  model  is  energy 
conserving.  The  model  assumes  that  there  is  no  air  movement  in  the  hall  except  for  that  induced 
by  the  fire  or  the  ventilation  system,  thus  one  would  expect  for  the  level  of  mixing  to  be  slightly 
under-predicted.  The  prediction  of  the  temperature  at  the  lower  thermocouple  location  in  the  fire 
plume  is  about  100  °C  higher  than  the  measurement.  The  prediction  at  the  higher  location  is  about 
10  °C  higher. 

For  Test  2,  the  agreement  between  model  and  experiment  is  better  than  in  Test  1.  The  reason 
for  this  is  that  the  predicted  and  measured  temperatures  within  the  plume  are  within  10  °C  of 
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one  another.  The  simulations  of  Tests  1 and  2 were  conducted  with  the  exact  same  gridding  and 
assumptions.  The  reason  for  the  better  agreement  in  Test  2 stems  from  the  better  agreement  in  the 
plume  itself.  In  general,  for  a given  level  of  grid  refinement,  a larger  fire  is  easier  to  model  than  a 
smaller  one,  as  in  this  instance.  Another  explanation  of  disagreement  in  plume  temperatures  is  that 
often  in  large  scale  fire  tests  air  movements  within  the  test  space  throw  the  fire  plume  slightly  off  of 
its  natural  centerline,  in  which  case  numerical  predictions  are  often  high.  In  any  case,  in  all  three 
tests,  the  agreement  between  model  and  experiment  at  the  upper  plume  thermocouple  location  is 
within  10  °C  meaning  that  the  gases  filling  the  hot  upper  layer  are  within  a very  close  range  to  the 
actual  gas  temperatures. 

When  these  calculations  were  first  attempted  with  a single  numerical  grid  spanning  the  entire  hall 
with  cells  between  20  and  30  cm  in  size,  the  temperatures  in  the  upper  layer  were  over-predicted. 
The  difference  in  predicted  and  measured  temperatures  was  reduced  as  the  grid  cells  in  the  region  of 
the  fire  were  reduced  in  size.  This  effect  is  made  obvious  by  looking  at  animations  of  temperature 
contour  plots  through  a vertical  centerline  plane.  When  the  grid  cells  are  too  large  to  resolve  the 
eddies  that  entrain  fresh  air  into  the  plume,  the  hot  gases  are  not  diluted  as  much  in  the  simulation 
as  in  reality,  and  upper  layer  temperatures  tend  to  be  over-predicted.  As  in  many  studies  we 
have  performed  in  the  past  on  fire  plumes,  we  find  that  very  good  agreement  with  experiment  is 
achieved  when  the  fire  is  spanned  by  roughly  6 to  8 grid  cells.  Of  course  more  is  better,  but  this 
level  of  resolution  has  been  found  to  produce  very  good  results  at  a modest  computational  cost. 
Research  continues  to  reduce  computational  effort  by  means  of  the  multiple  grids  employed  here, 
plus  parallel  processing  of  the  different  grids. 


[1]  K.B.  McGrattan,  H.R.  Baum,  R.G.  Rehm,  G.R  Forney,  J.E.  Floyd,  and  S.  Hostikka.  Fire 
Dynamics  Simulator  (Version  2),  Technical  Reference  Guide.  Technical  Report  NISTIR  6783, 
National  Institute  of  Standards  and  Technology,  Gaithersburg,  Maryland,  November  2001. 

[2]  K.B.  McGrattan,  G.R  Forney,  J.E.  Floyd,  and  S.  Hostikka.  Fire  Dynamics  Simulator  (Ver- 
sion 2),  User’s  Guide.  Technical  Report  NISTIR  6784,  National  Institute  of  Standards  and 
Technology,  Gaithersburg,  Maryland,  November  2001. 

[3]  S.  Hostikka,  H.R.  Baum,  and  K.B.  McGrattan.  Large  Eddy  Simulations  of  the  Cone  Calorime- 
ter. In  Proceedings  of  US  Section  Meeting  of  the  Combustion  Institute,  Oakland,  California, 
March  2001. 
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5“^  meeting  of  the  International  Collaborative  Fire  Model  Project 

Preliminary  Results  for  Benchmark  Exercise  # 2 using  CFAST  and  JASMINE 

Stewart  Miles,  Fire  and  Risk  Engineering  Centre,  BRE,  UK 

Part  I of  Benchmark  Exercise  # 2 is  based  on  a series  of  fire  experiments,  performed  in  the 
VTT  test  hall  in  Finland  between  1 998  and  1 999  as  part  of  the  ECSC  Steel  Research 
Programme.  Each  test  involved  a heptane  pool  fire  one  meter  above  the  floor,  lasting 
approximately  six  minutes.  The  instrumentation  included  thermocouple  readings  at  three 
vertical  columns,  extending  from  the  floor  to  the  ceiling,  and  at  various  locations  within  the  fire 
plume.  These  readings  provide  the  main  measurements  against  which  numerical  predictions 
are  being  compared  for  the  current  benchmark  exercise.  The  measured  temperatures  have 
been  processed  to  give  estimates  of  upper  layer  temperature  and  layer  height,  where  it  is 
here  assumed  that  a two-layer  representation  holds,  and  these  are  being  used  in  the 
comparison  against  zone  model  predictions. 

The  benchmark  specification  document  [1]  contains  full  details  of  the  test  hall  and  the  three 
cases  being  modelled.  This  was  released  in  conjunction  with  a summary  of  the  measurement 
data  against  which  to  compare  predictions. 

For  case  1 and  2 there  was  no  mechanical  exhaust  and  the  doorway  openings  to  the  hall 
were  closed.  However,  the  building  is  not  airtight,  and  so  the  effect  of  air  infiltration  must  be 
modelled  somehow.  The  suggested  approach  [1]  is  to  include  four  small  openings,  each  of 
area  0.5  m^,  two  at  ground  level  and  two  at  a height  of  12  m.  For  case  3 there  was 
mechanical  extraction  at  11  m^  s'^  through  a duct  12  m above  the  floor,  and  for  this  case  the 
two  doors  were  each  opened  to  an  area  of  3.2  m^.  An  additional  complication  is  provided  by 
the  sloping  cross-sectional  shape  of  the  ceiling,  providing  a further  challenge  to  zone  models 
in  particular. 

This  extended  summary  describes  briefly  some  simulations  undertaken  by  the  author  and  the 
findings  drawn  from  them,  and  accompanies  the  presentation  slides.  Simulations  of  all  three 
cases  have  been  performed  with  a zone  model  (CFAST/FAST  version  3.1 .6)  and  a CFD 
model  (JASMINE  version  3.1.2).  A sensitivity  analysis  has  been  undertaken  for  a number  of 
parameters,  including  the  thermal  properties  of  the  walls  and  ceiling,  the  size  and  location  of 
the  restricted  ventilation  openings  (cases  1 & 2)  and  the  ‘equivalent  ceiling  height’  in  the 
CFAST  simulations.  A CFD  mesh  sensitivity  analysis  has  been  conducted  also. 

All  CFAST  simulations  have  been  performed  with  a single  compartment  with  one  or  two 
horizontal  flow  vents  to  the  outside,  and  for  case  3 an  additional  vertical  HVAC  vent  to  the 
outside.  The  ceiling  has  been  approximated  as  being  flat,  and  for  the  majority  of  simulations 
was  located  at  a height  of  15.84  m,  which  gives  the  same  enclosure  volume  as  inside  the 
actual  test  hall.  The  sensitivity  to  the  choice  of  ceiling  height  has  been  investigated  by 
performing  simulations  with  the  ceiling  at  13  m and  18  m.  The  fire  source  for  each  case  has 
been  defined  in  terms  of  the  specified  time-dependent  pyrolysis  rate  and  a heat  of  combustion 
of  44.6  X 10®  J kg*\  Furthermore,  the  radiative  fraction  was  set  to  0.2.  For  the  ‘baseline’ 
simulations  the  walls  and  ceiling  were  defined  as  conducting  boundaries  consisting  of  sheet 
steel  on  top  of  mineral  wool,  with  thermal  properties  and  thicknesses  as  specified  in  the 
problem  definition.  The  sensitivity  to  the  choice  of  thermal  boundary  condition  at  the  walls  and 
ceiling  has  been  investigated  by  using  sheet  metal  only,  mineral  wool  only  and  non- 
conducting (adiabatic)  boundaries. 

A further  parameter  that  has  been  investigated  in  the  CFAST  simulations  for  cases  1 and  2 is 
the  size  and  location  of  the  restricted  ventilation  wall  openings  for  the  'infiltration'  process. 
Here  the  four  original  0.5  m^  openings  have  been  replaced  by  four  0.01  m^  openings  in  one 
simulation  and  by  two  large  openings  of  1 6 m ^ (at  floor  level  only)  In  another.  The  effect  of 
increasing  and  decreasing  the  height  above  ground  of  the  upper  openings  in  the  original 
specification  has  been  investigated  also.  Note  that  in  the  CFAST  simulations,  where  there  are 
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two  vents  at  the  same  distance  from  the  floor  they  are  combined  into  a single  opening  (with 
an  area  equal  to  the  sum  of  that  for  the  individual  openings). 

JASMINE  simulations  of  all  three  cases  have  been  performed.  The  geometry  of  the  test  hall 
was  modelled  as  accurately  as  possible  with  a Cartesian  mesh,  with  the  result  that  the  sloping 
sections  of  the  ceiling  were  approximated  by  a staggered  (staircase)  boundary.  This  gives  the 
correct  volume  within  the  ceiling  space,  but  will  have  some  influence  on  the  heat  and 
momentum  transfer  at  these  sections  of  the  ceiling.  JASMINE  models  the  Reynolds  Averaged 
Navier  Stokes  (RANS)  equations  of  fluid  motion,  and  employs  a K-e  turbulence  model  to 
represent  the  effect  of  the  turbulent  motions  on  the  flow  field.  Time-dependent  simulations 
were  performed  using  a one-second  time-step  and  the  fuel  pyrolysis  rate  given  in  benchmark 
specification.  An  eddy  break-up  combustion  model  was  employed,  using  a single  step 
reaction  mechanism  for  heptane  and  an  effective  heat  of  combustion  of  0.8  x 44.6  x 10  ® J kg' 

\ Radiation  transfer  was  calculated  using  a six-flux  model,  combined  with  an  emissive  power 
model  to  calculate  the  radiation  exchange  from  CO2  and  H2O  combustion  products. 

Convection  and  radiation  heat  transfer  to  the  solid  boundaries  was  included.  Conduction  into 
the  boundaries  was  calculated  approximately  using  the  concept  of  a time-dependent 
conduction  depth  into  a semi-infinite  material.  Furthermore,  the  steel  sheet  was  Ignored  in 
these  calculations,  so  that  the  conduction  losses  will  in  general  have  been  under-estimated. 
However,  the  conductivity  of  the  solid  was  increased  for  some  simulations  to  investigate  the 
effect  of  increased  conduction  losses  on  the  gas  temperatures  and  smoke  layer  height. 

The  ventilation  openings  have  been  modelled  exactly  as  specified.  However,  additional 
simulations  have  been  performed  for  case  1 with  narrow  slot  openings  Instead  of  the  square 
ones  (but  with  the  area  of  each  maintained  at  0.5  m^),  and  with  partially  porous  east  and  west 
walls,  where  the  porosity  was  set  to  give  an  equivalent  flow  area  as  the  vents. 

A numerical  mesh  containing  approximately  1 30,000  elements  was  used  in  most  of  the 
simulations.  A mesh  refinement  study  was  performed  for  two  simulations,  where  the  first  60 
seconds  was  repeated  using  a mesh  containing  eight  times  as  many  elements,  i.e.  the 
resolution  was  Increased  by  a factor  of  two  in  each  direction. 

The  preliminary  results  from  the  CFAST  and  JASMINE  simulations  are  reasonably 
encouraging  and  informative.  Comparison  plots  of  predicted  and  measured  temperatures  and 
layer  depths  are  shown  in  the  presentation  slides.  The  effect  of  varying  conduction  losses, 
ventilation  opening  sizes  etc  are  illustrated  too. 

Probably  the  most  important  finding,  demonstrated  by  both  the  zone  and  CFD  models,  is  the 
sensitivity  of  the  gas  temperatures  to  the  conduction  losses  to  the  walls  and  ceiling.  In  the 
CFAST  simulations  the  closest  agreement  with  measurement  was  obtained  by  using  either  a 
sheet  metal  and  mineral  wool  two-layer  material  or  by  using  the  sheet  metal  alone.  In  the 
JASMINE  simulations  the  effect  of  ignoring  the  steel  was  apparent,  with  closer  agreement 
with  measurement  obtained  when  the  conduction  losses  were  then  increased.  The  results  so 
far  seem  to  indicate  that  the  conduction  into  the  steel  is  important.  The  smoke  layer  height, 
however,  seems  to  be  less  sensitive  to  the  boundary  conduction  loss  calculation. 

An  important  issue  in  the  use  of  the  zone  model  is  the  choice  of  ’equivalent  ceiling  height’. 

The  sensitivity  analysis  performed  so  far  indicates  that  while  the  upper  layer  temperature  is 
sensitive  to  the  choice  of  celling  height,  the  layer  height  is  sensitive  only  during  the  initial 
stage  of  the  fire. 

Both  the  zone  model  and  CFD  simulations  indicate  that  the  exact  choice  of  openings  in  cases 
1 & 2,  to  represent  the  infiltration  process,  is  not  critical.  The  only  exception  to  this  finding  was 
in  the  CFD  simulation  with  porous  walls,  which  Indicated  a break  down  of  stratification  after 
about  three  minutes.  However,  the  physical  significance  of  implementing  slightly  porous  walls 
in  a CFD  simulation  Is  somewhat  uncertain  and  this  result  should  be  treated  with  caution  at 
this  stage.  The  CFAST  simulation  with  the  very  small  openings  produced  high  pressures 
inside  the  enclosure,  at  a level  that  would  have  been  greater  than  anything  achieved  in  the 
experiments.  This  supports  the  assumption  that  the  building  is  not  particularly  airtight. 
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Reasonable  agreement  has  been  shown  between  measured  plume  temperatures  and  those 
predicted  in  the  JASMINE  simulations.  The  mesh  refinement  study  has  indicated  some 
sensitivity  to  this  parameter,  with  the  finer  mesh  producing  results  closer  to  those  measured. 
Further  JASMINE  simulations  are  currently  being  performed  to  investigate  the  mesh 
resolution  and  boundary  conduction  issues  in  more  depth. 

CFAST  and  JASMINE  simulations  will  be  performed  for  Part  11  of  Benchmark  Exercise  # 2. 
This  is  a ‘hypothetical’  example  for  which  there  are  no  experimental  measurements.  However, 
the  dimensions  of  the  building  are  greater  than  in  Part  I,  and  have  been  selected  to  more 
closely  represent  a turbine  hail.  Full  details  of  the  geometry  and  cases  to  be  modelled  are 
provided  in  the  specification  document  [1].  The  fire  source  is  representative  of  a large 
hydrocarbon  pool  fire.  Target’  cables  and  beams  are  Included,  for  which  the  likelihood  of 
thermal  damage  is  to  be  estimated.  Although  the  building  geometry  Is  rectangular,  in  some  of 
scenario  cases  there  is  the  added  complexity  of  an  internal  ceiling,  effectively  dividing  the 
space  into  two  connected  compartments. 

1 . Specification  for  Benchmark  Exercise  # 2 - Fire  in  a Large  Hall,  February  2002. 
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DETECTOR  RESPONSE  MODELING 


Doug  Beller,  PE 
NEPA  International 


1.0  INTRODUCTION 

The  purpose  of  this  paper  is  to  present  information  regarding  current  fire  detector  response 
modeling.  Fire  detector  response  modeling  in  this  paper  refers  to  heat  detectors,  including 
sprinkler  links.  While  smoke  detectors  can  be  modeled  using  current  heat  detection  models,  this 
is  not  highly  recommended  due  to  the  magnitude  of  the  uncertainties  associated  with  the 
predictions. 

It  is  hoped  that  this  brief  paper  will  provide  sufficient  information  regarding  heat  detector 
modeling  such  that  decisions  can  made  regarding  their  applicability  in  nuclear  power  plants 
(NPP).  If  it  is  decided  that  the  current  model  is  insufficient  for  such  applications,  then  this  paper 
should  provide  enough  information  upon  which  to  base  a decision  regarding  future  work. 

2.0  DISCUSSION 

2.1  Detector  Modeling 

The  overall  [smoke]  detection  process  has  been  organized  into  five  categories;  property 
generation,  bulk  property  transport,  local  property  transport,  sensor  modulation,  and  alarm 
condition.  [6]  The  first  three  categories  are  required  by  all  detection  models:  the  fire  generates 
the  hazard  to  be  detected;  the  plume  transports  the  hazard  conditions  to  the  ceiling;  the  ceiling  jet 
transports  the  hazard  condition  to  the  point  in  space  of  interest.  The  final  two  categories  are 
detector  specific:  “sensor  modulation”  can  be  thought  of  as  modeling  how  the  sensor  “knows” 
what  conditions  are  present;  “alarm  condition”  is  essentially  the  set  point  of  the  detector.  In  the 
case  of  a sprinkler  or  heat  detector,  sensor  modulation  models  the  heat  transfer  to  the  sensing 
device  and  the  alarm  condition  is  either  a temperature  (range)  or  a rate  of  temperature  rise. 

2.2  DETACT-QS 

Currently,  DETACT-QS  is  the  only  heat  detector  model  that  is  publicly  available.  Other  fire 
models  may  also  be  used  to  predict  detector  activation;  however,  this  is  not  necessarily  their  only 
purpose. 

2.2.1  Intent 

DETACT  was  developed  to  calculate  the  response  time  of  ceiling  mounted  heat 
detectors/sprinklers  and  smoke  detectors,  installed  under  large  unobstructed  ceilings,  for  fires 
with  user  defined,  time  dependent  heat  release  rate  curves  [1].  DETACT  is  based  on  quasi- 
steady ceiling  jet  assumptions  [2,3].  The  thermally  activated  device  must  be  located  under  the 
ceiling  and  within  the  ceiling  jet. 
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2.2.2  Assumptions  and  Limitations 

1)  The  detector  is  ceiling  mounted  and  located  at  the  points  of  maximum  temperature  and 
velocity  within  the  ceiling  jet  below  a ceiling  [2].  The  detector  must  be  within  6%  of  the 
ceiling  height  from  the  ceiling  [4]. 

2)  The  ceiling  is  unconfined,  unobstructed,  smooth,  flat,  and  horizontal.  The  model  does 
not  account  for  hot  gas  layer  effects  due  to  walls  or  obstructions.  The  minimum  wall  to 
wall  distance  is  2 to  4 ceiling  heights.  Vertical  obstructions  are  required  to  be  less  than 
1%  of  the  ceiling  height  for  the  ceiling  to  be  considered  smooth  [2]. 

3)  Only  convective  heat  transfer  is  considered  between  the  ceiling  jet  and  the  thermal 
detector;  no  conductive  or  radiative  heat  transfer  is  considered.  The  detector  is  treated  as 
a lumped  mass  model  [5].  The  lumped  mass  model  assumes  that  the  thermal  gradients 
are  neglected  within  the  thermal  element. 

4)  Smoke  detector  activation  is  assumed  at  a ceiling  temperature  increase  of  [1]. 
(Although  this  is  a gross  over-simplification  of  the  phenomenon,  it  is  an  all  too 
commonly  used  assumption.) 

5)  Within  the  plume  impingement  area,  temperature  (r/H  < 0.18:  r = radial  distance  between 
plume  centerline  and  detector;  H = height  of  ceiling  above  the  fuel)  and  velocities  (r/H  < 
0.15)  are  uniform  an  assumed  to  be  the  maximum  values  in  the  plume  [2]. 

6)  The  fuel  package  and  the  plume  are  assumed  to  be  in  an  unobstructed  vertical  axis.  No 
ventilation  or  stratification  effects  are  considered.  The  heat  release  rate  or  the  fire  needs 
to  be  sufficiently  large  so  that  the  plume  can  be  assumed  to  be  vertical  and  axisymmetric 
[2]. 

7)  No  transport  time  (or  lag  time)  is  considered  for  the  hot  gases  to  travel  from  the  fuel  to 
the  detector  [2].  Therefore,  increases  in  heat  release  rate  will  effect  the  temperature  and 
velocity  of  the  ceiling  jet  immediately. 

8)  For  each  heat  release  rate  input  interval,  the  heat  release  rate  is  averaged  over  the  interval 
and  assumed  constant.  Fire  heat  release  rate  should  not  double  in  less  than  one  minute 
[2]. 

9)  Detector  must  be  spot  type  [4]. 

2.3  SFPE  Computer  Model  Evaluation  Task  Group  Report 
2.3.1  Intent 

The  draft  report  of  the  SFPE  task  group  [4]  states  as  its  purpose:  “This  evaluation  report  provides 
information  on  the  technical  features,  theoretical  basis,  assumptions,  limitations,  sensitivities  and 
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guidance  on  the  use  of  DETACT.  This  evaluation  is  based  on  comparing  predictions  from 
DETACT  with  results  from  full-scale  fire  experiments  conducted  in  compartments  with  ceiling 
heights  ranging  from  2.44  m to  12.2  m and  peak  fire  heat  release  rates  ranging  from  150  kW  to 
lOMW.” 

The  type  of  evaluation  that  DETACT  was  subjected  to  is  classified  in  ASTM  E-1355  [7]  as  a 
“specified  calculation.”  In  the  specified  calculation,  the  model  user  is  provided  with  a complete 
detailed  description  of  model  inputs,  including  geometry,  test  conditions,  and  the  heat  release 
rate  history  of  the  fire  [7]. 

2.3.2  Conclusions 

Actuation  temperature  is  the  most  sensitive  input  parameter;  i.e.,  for  a given  percentage  change 
in  the  value  of  actuation  temperature  used  by  DETACT,  it  predicted  a larger  percentage  change 
in  the  output  parameter(s)  of  interest. 

When  slow  t-squared  fires  are  used,  the  predicted  actuation  time  will  greatly  increase  due  to  the 
relatively  slow  development  of  the  fire.  Very  small  source  fires,  especially  smoldering,  fall 
outside  the  bounds  of  the  analysis  and  are  unlikely  to  be  accurately  predicted,  either  for  ceiling 
jet  temperatures  or  detector  actuation,  by  DETACT  [4]. 

“Based  on  the  comparison  to  predictions  with  measured  values: 

• As  the  ceiling  height  increased  from  3.0  m to  12.2  m,  the  agreement  between  the 
predictions  and  the  data  improved.  The  lower  ceiling  heights  are  more  sensitive  to 
uncertainties  in  the  experiment. 

• There  was  better  agreement  between  devices  with  higher  RTIs  (response  time  index)  than 
with  devices  with  lower  RTIs. 

• The  compartment  evaluation  scenarios  demonstrate  that  DETACT  should  not  be  used  in 
situations  where  the  limitations/assumptions  of  the  model  cannot  be  met,  since  the  model 
cannot  be  used  with  any  reasonable  expectation  of  reliability.  For  example,  the  use  of 
DETACT  would  not  be  appropriate  in  small  areas  where  a gas  layer  would  develop  prior 
to  activation.”  [4] 

2.4  Proposed  Tasks 

2.4.1  Scenarios  to  be  Modeled 

The  first  task  is  to  define  those  scenarios  requiring  the  prediction  of  fire  detector  activation.  The 
scenario  definition  should  include  a geometrical  description  of  the  room  of  fire  origin  (turbine 
hall,  control  room,  etc.)  and  specify  the  fire  that  may  be  experienced  in  that  space.  Presumably, 
the  type  of  heat  detector  and  its  description  is  a “given”  for  each  NPP. 

2.4.2  Scenario  Differences 

The  scenarios  described  in  2.4.1  are  next  compared  to  the  limitations  presented  in  2.2.2.  Any 
inconsistencies  are  to  be  noted  for  the  following  step. 
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2.4.3  Questions 

The  series  of  questions  below  (in  no  particular  order)  is  intended  to  facilitate  the  discussion: 

1)  Do  the  limitations  shown  in  2.2.2  preclude  using  DETACT  in  NPP? 

2)  Are  the  identified  NPP  scenarios  sufficiently  similar  to  those  used  in  the  development  of 
DETACT  (see  2.2.2)  to  justify  further  work? 

3)  If  they  are  not  sufficiently  similar  is  it  still  worthwhile  to  investigate  using  DETACT  in 
NPP  scenarios?  For  example,  since  there  is  no  other  detector  model  available,  are  we 
“forced”  to  use  it? 

4)  Is  there  a “best”  way  to  use  DETACT  in  NPP?  Some  of  the  choices  for  “best”  include: 

• as  is  (i.e.,  no  changes) 

• modify  program  based  on  available  data 

• develop  post-processor  adjustment  factors  (may  require  using  CFD  models  to 
generate  ceiling  jet  temperature  and  velocity  profiles  and  develop  correlations 
based  on  the  results) 

• develop  a new  DETACT  for  NPP  (i.e.,  extract  property  generation,  bulk  property 
transport,  and  lumped  mass  models  from  DETACT  and  couple  those  to  NPP- 
specific  ceiling  jet  temperature  and  velocity  correlations) 

5)  Is  ceiling  jet  temperature  and  velocity  experimental  data  available  for  the  scenarios  of 
interest? 

2.4.4  Benchmark  Exercise 

If  there  is  sufficient  interest  in  pursuing  detection  modeling  in  NPP  the  questions  posed  in  2.4.3 
must  be  addressed  first.  Assuming  that  the  decision  is  to  proceed,  some  sort  of  benchmark 
exercise  will  be  needed.  In  order  to  undertake  such  an  exercise  experimental  data  sets  depicting 
the  scenarios  of  interest  must  be  readily  available.  The  number  of  data  sets  needed  will  depend 
on  the  nature  of  the  exercise. 

The  nature  of  the  exercise  will  depend  on  the  answer  to  Question  4 of  2.4.3.  If  the  decision  is 
made  to  compare  DETACT  prediction  to  experimental  data  and  develop  post-processor 
adjustment  factors,  then  a relatively  small  number  of  data  sets  is  required  (probably  three  to 
four).  If  the  decision  is  made  to  use  the  DETACT  lumped  mass  model  as  the  “sensor 
modulation”  and  “alarm  condition”,  and  the  “property  generation”  and  “bulk  property  transport” 
portions  of  DETACT  along  with  a NPP  specific  ceiling  jet  correlation,  then  more  data  sets  will 
be  required:  at  least  six.  The  idea  here  is  that  three  data  sets  could  be  used  to  develop  the  NPP 
specific  ceiling  jet  correlations,  and  the  other  three  could  be  used  to  benchmark  the  resulting 
model. 
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It  may  be  advantageous  to  use  ASTM  1355  [7]  as  guidelines  for  this  benchmarking  exercise. 
Several  types  of  model  evaluations  are  presented:  blind  calculation  (basic  description  of  scenario 
provided);  specified  calculation  (detailed  description  of  model  inputs  provided);  and  open 
calculation  (most  complete  information  provided,  including  experimental  or  other  benchmarking 
data).  Using  ASTM  1355  would  provide  some  structure  and  formality  to  the  exercise. 

3.0  SUMMARY 

The  limitations  imposed  on  the  use  of  DETACT  will  most  likely  preclude  its  widespread  use  in 
NPP.  However,  assuming  that  there  is  a need  for  detector  modeling  in  NPP,  the  question  then 
becomes  one  of  deciding  what  is  the  best  (most  expedient,  most  defensible...)  course  to  meet  this 
need. 

Presumably,  four  of  the  five  components  necessary  for  NPP  detector  modeling  are  present  in  the 
current  version  of  DETACT-QS.  The  DETACT  component  which  needs  either  replacement  or 
augmenting  is  that  describing  “local  property  transport.”  In  order  to  address  NPP  specific  local 
property  transport,  post-processing  adjustment  factors  or  a new  component  must  be  developed 
for  DETACT. 
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ABSTRACT 


For  smoldering  fires  existing  time  lag  theories  and  observations  of 
smoke  detectors  are  reviewed  shortly  and  shown  to  be  unsatisfactory. 
The  author  showed  earlier  by  that  fluid  dynamic  phenomena  cannot 
explain  in  an  acceptable  manner  the  observed  controversy.  Using 
general  theory  of  filtering  a model  is  proposed  for  time  lag,  where 
small  smoke  particles  partially  separate  from  the  carrier  fluid  while 
penetrating  into  the  smoke  detector.  At  small  flow  velocities  the 
separation  seems  so  effective  that  detection  time  is  delayed  much  or 
smoke  may  remain  undetected  totally.  Since  only  scattered  direct 
experiments  are  available  for  comparison,  and  no  resources  for  own 
measurements  were  avialable  at  this  phase,  the  model  is  presented  for 
fire  science  community  to  be  tested  and  evaluated. 

INTRODUCTION 

Earliest  possible  detection  of  fires  has  been  the  goal  of  active  fire  prevention  through 
ages  by  any  possible  means.  Since  the  introduction  of  numerical  room  fire  simulation 
codes  there  has  been  detailed  tools  to  predict  conditions  and  times  for  fire  detector 
response.  Majority  of  these  tools  treat  phenomena  outside  the  detector.  The  long 
chain  from  the  incipient  fire  to  detector  has  been  modelled  at  different  degrees  of 
sophistication  starting  from  experimental  plume  models  combined  with  zone  type 
room  fire  models  and  ending  with  various  kinds  field  model  simulations.  At  the 
moment  large  eddy  simulation  (LES)  techniques  (McGrattan  et  al.  1998)  to 
determine  smoke  properties  at  detector  location  presents  possibly  the  heaviest  end  of 
the  calculation  tools  available  for  the  problem  (Cleary  at  al.  1999,  Farouk  et  al. 
2001). 

Despite  that  there  are  links  not  yet  modelled  to  the  same  degree  of  accuracy  as  LES 
simulation  treats  smoke  transport  and  coagulation;  one  of  these  is  smoke  penetration 
into  the  detector.  A smoke  detector  has  partially  permeable  walls  separating  the  gas 
volume  in  the  detector  from  the  volume  around  it.  Walls  of  commercial  detectors 
consist  mostly  of  mesh,  or  perforated  plates.  In  each  form  they  delay  fire  detection  as 
compared  to  a fully  open  detector.  Heskestad  (1977)  modelled  coupling  of  conditions 
inside  the  detactor  to  outside  conditions  based  on  scaling  principles.  Since  then 
practically  all  modelling  of  smoke  penetration  into  detectors  has  based  on  his  work. 
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TIME  LAG  THEORIES  AND  DATA 

Heskestad  (1977)  drafted  a theory  using  dimensional  analysis  arguments  for  the  time 
lag  Ar  of  a products-of-combustion  fire  detector 

b^t-yHv  (1) 

where  v is  the  mean  convective  flow  velocity  around  the  point  detector,  / the 
characteristic  length  scale,  and  y a non-dimensional  coefficient  characteristic  for  the 
geometry.  According  to  Heskestad  Equation  (1)  is  valid  presuming  ‘viscosity  effects 
are  not  considered  important’. 

Bukowski  (1975)  as  well  as  Johnson  and  Brown  (1986)  observed  large  delays  of  fire 
detection  for  artificial  cold  smoke  or  smoldering  smoke  in  a real  size  room  although 
the  behaviour  was  neither  quantified  nor  fully  systematic.  Brozovsky's  (1991) 
measurements  showed,  that  the  simple  relationship  predicted  by  Equation  (1)  did  not 
hold  for  low  ceiling  jet  velocities.  In  Figure  1 his  observations  (dots)  are  plotted  as  a 
function  of  velocity  v.  Thin  solid  lines  represent  exponential  fits  by  Brozovsky 
(1991)  on  his  limited  set  of  data;  his  exponential  fit  at  low  values  (v  < 0.13  m/s)  is  a 
plausible  approximation.  Unfortunatelly,  he  did  not  extend  measurements  to  speeds 
exceeding  0.2  m/s.  Therefore,  it  is  very  uncertain,  what  the  behaviour  would  be  at 
higher  velocities.  Thus  the  curve  crossing  the  point  (0.4  m/s;  1 s)  is  only  an 
extrapolation  without  experimental  confirmation  beyond  0.2  m/s.  No  single  set  of 
data  was  available  covering  the  whole  interesting  region  of  velocities.  More  recently 
Qualey  at  al.  (2001a,b)  observed  long  detection  times  for  low  velocity  ceiling  jets  as 
a result  of  smoldering  fires.  Unfortunatelly  they  did  not  measure  ceiling  jet  velocities 
at  detector  location  or  other  relevant  data  to  allow  quantitative  comparison. 


Figure  1.  Entry  lag  time  dependence  on  flow  velocity  past  a detector.  Dots 
(experimental  data,  Brozovsky  1991).  (1)  and  (2):  The  delay  time  according  to 
Equation  (1)  as  explained  in  text.  (3):  Fit  according  to  Equation  (2),  critical  velocity 
Vq  = 0.075  m/s).  (4)  and  (5):  Calculated  models  (Keski-Rahkonen  2001)  explained 

in  text. 
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experimental  data  reduction  for  fire  model  validation 

Due  to  power  law  dependence  on  velocity  an  ad  hoc  modification  of  Equation  (1) 
was  attempted  (Keski-Rahkonen  2001) 

At  = yl/(v  -Vo)  (2) 

This  fit  seemed  plausible  as  shown  in  by  line  3 in  Figure  1.  Since  Brozovsky’s  data 
cover  only  a rather  limited  range,  Equation  (2)  is  only  one  of  the  many  possible  fits 
on  the  data  set.  Fits  of  Equation  (2)  on  another  data  set  (Cleary  et  al.  2000)  is  shown 
in  Figure  2.  Again,  plausible  fits  were  obtained  for  the  delay  times.  PI  was  an  optical 
detector  (Vo  = 0.01  m/s)  and  II  ionizing  detector  (v^  = 0.02  m/s).  Unfortunatelly, 
experimental  errors  seem  still  to  be  rather  high. 


Figure  2.  Detector  time  lag  as  a function  of  ceiling  jet  velocity  according  to 
experimental  observations  (dots:  Brozovsky  1991,  squares:  11  by  Cleary  et  al.,  2000 
diamonds:  PI  by  Cleary  et  al.  2000).  Full  lines  arbitrary  fits  on  data  using  Equation 
(2). 

These  examples  show,  critical  flow  velocity  exists,  but  is  hard  to  explain.  The 
behaviour  described  by  Equation  (2)  seems  to  indicate,  if  the  the  fluid  is  taken  as  a 
continuum,  the  flow  has  non-newtonian  character  plugging  at  velocities  lower  than 
Vo . Qualitativelly,  such  a flow  occurs,  if  the  fluid,  which  here  is  actually  an  aerosol, 

behaves  collectivelly  like  a non-newtonian  continuum  fluid  of  Bingham  plastic 
(Irvine  and  Capobianchi,  1998).  The  analytical  theories  of  such  fluids  would  in 
principle  allow  calculation  of  the  flow  in  and  out  of  the  detector  (Kawase  and  Moo- 
Young  1992,  Patel  and  Ingham  1994).  However,  there  seemed  not  to  be  available 
experimental  data  of  rheological  properties  of  smoke,  which  could  settle  this 
question.  The  tacit  assumption  has  always  been  smoke,  like  air,  behaves  as  an  almost 
perfect  newtonian  fluid.  Looking  smoke  as  an  aerosol  and  rejecting  one  phase 
approximation  seemed  to  shed  new  light  on  the  problem,  and  to  make  non-newtonian 
flow  both  unlikely  and  unnecessary  as  is  shown  below.  The  method  is  fully  described 
by  Keski-Rahkonen  (2002),  and  is  shortly  depicted  here. 
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THEORY  ON  FILTRATION  MECHANISMS 

In  a filter,  like  in  a dense  mesh,  particles  deviate  from  streamlines  due  to  several 
mechanisms.  That  property  has  been  used  for  particle  size  separation  for  long  (Fuchs 
et  al.  1962,  Sinclair  et  al.  1979),  but  it  is  still  a subject  of  intense  studies  (Lee  et  al. 
1990,  Sasse  et  al.  1994).  Particles  may  collide  with  the  wires  on  the  mesh  and  stick 
on  them.  The  main  mechanisms  of  deposition  are  diffusion,  inertial  impaction, 
interception  and  gravitational  settling.  In  the  first  approximation  efficiences  due 
these  factors  add  linearly  when  estimating  total  efficiency  of  filtration. 
Approximating  the  filtering  element  by  a cyhndrical  body,  simple  partial  differential 
equations  can  be  derived  for  the  aerosol  concentration  in  laminar  flow  region  (Cheng 
1993).  For  derivation  of  the  equation  it  is  assumed:  (1)  The  concentration  is  in  a 
steady-state  condition;  (2)  the  flow  field  in  the  device  is  a fully  developed  laminar 
flow;  (3)  the  effect  of  diffusion  in  the  direction  of  flow  is  neclected;  (4)  no 
production  or  reaction  of  aerosol  occures  in  the  device;  and  (5)  the  sticking 
coefficient  of  the  particle  is  100%  on  the  collection  surface. 

Penetration  P of  aerosol  through  these  devices  can  be  expressed  in  a power  series  of 
exponential  functions  in  the  form 


P = Y.<^nexp(-P„m) 

n=l 


(3) 


where  an  is  a numerical  expansion  coefficient,  Pn  an  eigenvalue  of  the  differential 
equation  describing  particle  diffusion,  and  m nondimensional  argument  of  the 
driving  mechanism.  Since  the  eigenvalues  Pn  grow  fast  with  /i,  for  real  devices  a few 
lower  terms  in  the  expansion  of  Equation  (3)  yields  sufficent  accuracy. 

For  diffusion  batteries,  used  here  as  a model  for  a wire  screen,  Cheng  and  Yeh 
(1980),  and  Yeh  at  al.  (1982)  derived  an  equation 

m = Pe-^'^  + A,R^  + Aj  (4) 


The  pressure  drop  Ap  through  the  screen  is  (Yamada  et  al.  1988) 


4p  = 


16riahu  ^ 32?]a  u 

Kdf  K df 


(5) 


FLOW  THROUGH  THE  SCREEN 

To  estimate  the  flow  of  smoke  through  the  detector  the  problem  is  divided  into  two 
formally  different  modes:  flow  of  air,  and  flow  of  smoke  particles.  The  detector  is 
idealized  to  a hemisphere  surrounded  by  an  insect  screen.  From  air  flow  in  the  outer 
field  modelled  using  potential  flow  the  continuity  equation  in  steady  state  form 
yields  the  pressure  inside  the  detector  p;.  Once  it  is  known,  filtration  theory  can  be 
applied  in  the  sense  of  perturbation  theory  to  calculate  penetration  of  smoke  particles 
through  the  screen  to  estimate  the  detection  time.  Spherical  coordinates  are  selected 
such  a way,  that  flow  enters  into  the  detector  for  azimuthal  angle  0 <(p  <%. 


The  pressure  difference  4p  through  the  screen  is  given  by  (Truckenbrodt  1980) 
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f P~  Pi  =^q(l-a~c sin^  (p)  0 <(p<q)^ 

\ps-Pi  =(b-a)q  (P>(p^ 


(6) 


where  a is  a constant  to  be  determined.  Applying  Equation  (6)  into  Equation  (5)  a 
similar  set  is  obtained  for  the  flow  velocity 

Kd  f q[l-a-csin^  (D  0<(p<(p, 

U= , 'f'  ^ 't's 

32ari  [ b-a  (P^(Ps 


By  a straightforward  calculation  one  can  derive  an  approximate  equation  for  the  air 
inflow  Vi  into  the  detector 


, Kdf 

V.  » 0.460  m-^q  ^ 


32tj 

The  used  symbols  are  deltailed  in  the  full  paper  (Keski-Rahkonen  2002) 


(8) 


SOOT  FLOW  THROUGH  THE  SCREEN 
(To  be  completed) 


Figure  3.  Penetration  through  a mesh  as  a function  of  flow  velocity  for  different 
diameters  of  particles. 


CONCLUSIONS 

Long  reaction  times  of  smoke  detectors  for  cold  smoke  has  been  known  for  long. 
Reviewing  a series  of  measurements  it  was  shown,  there  is  a finite  value  of  ceiling 
jet  velocity,  below  which  the  time  lag  becomes  large.  It  was  shown  by  the  author, 
that  neither  any  presented  model  nor  also  in  principle  any  newtonian  single  fluid 
model  is  able  to  explain  this  threshold.  A two  phase  model  is  proposed  here,  where 
ideal  fluid  (air)  carries  solid  smoke  particles.  At  small  ceiling  jet  velocities  these 
particles  are  selectivelly  filtered  out  of  the  flow,  as  smoke  penetrates  in  the  detector 
through  the  insect  screen.  The  presented  model  was  carried  over  from,  and  verified  in 
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aerosol  reaearch.  Still,  detailed  experiments  should  be  carried  out  for  smoke 
detectors  for  direct  comparison  with  the  predictions  of  the  proposed  theory. 
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U.S.  NRC  Goals  and  Plans  for 
Research  to  Support  Risk- 
Informed  Regulation 

Mark  Cunningham,  Chief 
ProbabiUstic  Risk  Analysis  Branch 
U.S.  Nuclear  Regulatory  Commission 


Goals  for  Risk-Informed 
Regulation 

• Commission  estabiished  new 
poiicies  for  risk-informed  reguiation 
in  1996 

- Focus  on  licensee  activities 
commensurate  with  their  significance  to 
public  risk 

- Utilize  probabiiistic  risk  assessment 
(PRA)  methods,  to  the  extent  feasible,  in 
a risk-informed  regulatory  framework 


. NRC  Goals  and  Plans  for  Research 
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Research  to  Support  Risk- 

Informed  Regulation 

• Availability  of  analytical  tools  is  key 
to  success  of  risk-informed 
regulation 

• Office  of  Research,  U.S.  NRC  is 
actively  conducting  research  to 
improve  PRA  methods 


Key  Areas  of  Research 

• Human  reliability  analysis 

- Atheana  method  developed 

• Fire  risk  analysis 

- Fire  modeling 

- Circuit  failure  analysis  methods 

- Significance  determination  process 

- Fire  risk  requantification 


U.S.  NRC  Goals  and  Plans  for  Research 
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Fire  Modeling  Research 

• Evaluate  capabilities  and  limitations 
of  fire  models  for  applications  in 
nuciear  faciiities 

• Benchmarking  and  vaiidation  of  fire 
models 

• Develop  best-estimate  methods  and 
determine  uncertainties  in 
predictions 


International  Collaborative 
Project  for  Fire  Modeling 

• Project  established  in  1999 

• Report  on  1^*  benchmark  exercise  on 
cable  tray  fires  completed 

• Contributions  from  ali  participants  of 
significant  value  to  the  NRC 

• NRC  intends  to  continue  its  fuil 
support  of  the  project 


5.  NRC  Goals  and  Plans  for  Research 
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Memorandum  of  Understanding 
between  NRC  and  NIST 

• MOU  established  in  February  2000 

• Evaluate  NIST  fire  codes,  CFAST  and 
FDS,  for  adoption  in  NRC’s 
reguiatory  framework 

• NRC  staff  detaiied  to  NIST 

• Mutual  interest  and  benefits  to  both 
government  agencies 


NRC  Proposal  for  International 
Validation  Exercises 

• NRC  wiii  sponsor  fuli-scaie  tests  at 
NIST  for  international  benchmark 
exercises 

• Test  program  pianned  for  3 years 
from  2002  to  2004 

• NRC  invites  project  participants  to 
exercise  respective  fire  models 

• NRC  solicits  input  for  program 


U.S.  NRC  Goals  and  Plans  for  Research 
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NRC  Goals  for 
Validation  Program 

• Benchmark  range  of  fire  models 

- Empirical  models  used  in  NRC 
inspection  process 

- FIVE  (Revision  1)  methods  to  be  used  in 
NRC/EPRI  requantification  program 

- CFAST  and  other  zone  models 

- FDS  and  other  CFD  models 

- Lumped-parameter  models 


NRC  Goals  for 

Validation  Program  - Cont’d 

• Determine  suitable  models  for  best- 
estimate  predictions  for  range  of 
scenarios 

• Determine  margins  in  predictions  for 
different  types  of  modeis 

• Determine  uncertainty  in  predictions 


I.  NRC  Goals  and  Plans  for  Research 
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FIRE  SAFETY 
RESEARCH  AT  NIST 


Fire  Research  Division 

Building  and  Fire  Research  Laboratory  (BFRL) 
National  Institute  of  Standards  and  Technology  (NIST) 

http;//www.bfrl.iiistgov/ 


Anthony  Hamins 

Notienal  InsHtwte  ef  Standard*  and  Tochnoloflir 

Tschnology  Administration,  U.S.  Department  of  Commerce 


MIST  CINTIHNieie 


Where  We  are  in  NIST 


Measurement  & 
Standards  Laboratories 


^la!colIn  Bj^ldrMga 
National  Qaality  AvKsrd 


1 

Intbrmaiios 

CheraksU  Sckoce 

Technology 

& Techsiolo^; 

Munisf&cluTmg 

EngJneeiii^g 


Division  §61 

Division  §62 

Building  & Fire 
Research  Lab 

Materlisl  Scsooce  & 
Engrg.. 

1^:^ 1 

1 



Buildlfig  En.^lronnient 
Biksion 

Fire  Research 
' Division  866 

Physics 

Ekctrojsks  & 
Elertrkal  Emgrg. 


NIST 


NaHanai  inctitute  of  Standard*  and  Technology 

Technology  Administrotion,  U.S.  Deportment  of  Commerce 


NilT  CBHtlNNIAie 
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Fire  Research  Division 


O Staff  Salaries 

□ Supplies,  Travel  and  O&er  Objects 
■ Invested  Equi]Hnent 

@ Extramural  University  Grants 

□ Small  Business  Contracts 

□ Staff  Benefits  and  Oveibead 


BFRL  Fire  Research  Budget  rFY02):  STRS  ($6  M);  OA  ($6  M) 

Staff;  58  FTE  (24  PhDs),  25  Guest  Scientists  (ATF,  NRC,  Univ.)  & 3 post-docs 
Background;  engineers,  mathematicians,  chemists,  physicists 


NIST 

Notlenal  InsHlute  of  Standards  and  Toehnology 

Tschnotogy  Administrotion,  U.S.  Deportment  of  Commerce 


Mist  CtHTIHHISlM 


BFRL  Focus:  Four  Technical  Gk)als 
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Life  Cycle  Facility  Performance 


NIST 


Notional  InstlluM  of  Standards  and  TochnoleBy 

technology  Administrotion,  U,S.  Department  of  Commerce 


NIST  CEHTSNNIAia 
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Fire  Loss  Reduction  Goal 


Goal;  Enable  engineered  fire  safety  for  people,  products,  facilities;  and 
enhanced  fire  fighter  effectiveness 


Customers;  Manufacturers  (fire  protection  equipment,  fire 
retardant  chemicals,  commodity  polymers);  Fire  Service; 
Engineering  firms.  Fire  testing  labs.  Building  code  official 
Insurance  industry. 


m 

r j 

‘'ire 

ieductioi 

Design 

ftocure 

Consmict 

Commissicai  < 

Occupy 


MaiiU. 


■ RepyRenov. 




EPC/AEC 


Owner 


Life  Cycle  Facility  Performance 


NIST 


Ncrtianal  IrwtHut*  «f  S«andard$  and  Technologir 

Technology  Administration,  US.  Deportment  of  Commerce 


Sr  CtMTINHI.l* 


Strategy  to  Reduce  Fire  Losses  (1/2) 

Reduce  residentia!  fire  deaths^  injuries  and  property  losses  by 

« adapting  measurement  and  predictive  methods  to  better  understand 
conditions  leading  to  flashoven 
« enabling  early  and  certain  fire  and  environment  sensing, 

« advancing  cost*effective  fire  suppr^sion  technologies;  and 
» enabling  newdmproved  materials  whose  fire  resistance  does  not  negatively 
impact  performance,  cost,  or  the  environment 


Reduce  fire  fighter  line'^&fiservice  deaths  and  burn  injuries  by 

« providing  new  technoloev.  measurement  standards,  and  training  tools;  and 
« enabling  shift  to  an  information  rich  environment 


Enable  cost-effective  engineered  fire  safety  for  people,  products, 
facilities,  and  first  responders  by 

* advancing  fire  measurement  and  prediction  methods 
^ accumulating  and  archiving  data,  and 

* accelerating  their  transfer  to  practice. 


NIST 

Nottonal  Inttltuie  of  Standordc  and  Ttehnology 

Technology  AdminttJration,  U.S.  Department  of  Commerce 


Milt  CENTIHMI.ia 
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Strategy  to  Reduce  Fire  Losses  (2/2) 


Reduce  fire  fighter  and  occupant  vulnerability  in  extreme  fire 
events  which  threaten  homeland  security  by 

» applying  measurement  and  predictive  methods  to  identify  role  of 
fire  in  World  Trade  Center  collapse,  and 
® improving  methods  of  structural  fire  protection  and  protection  of 
emerpencv  responders. 


NIST 

Ncrtienol  InctHut*  of  Standards  and  Tochnolefly 

Technology  Administration,  U.S.  Deportment  of  Commerce 


HIST  CtNTBMHIAie 


Technical  Challenges  to  Fire  Research 


10-^  -0 ► 105  (s) 


computational  domain 
meter*stidc,  yr  2000 


Challenge:  Understand/predict  fire  behavior  over  14  orders  of 
magnitude  in  length  (and  time)  scale 


NIST 

Notional  Institute  of  Standards  and  Technology 

Technology  Administration,  U,S.  Deportment  of  Commerce 


NIST  CSHtlHNIAie 
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Fire  Dynamic  Simulator  (McGrattan) 


• fire  protection  applications 

• performance  based  design 

• fire  investigations 

• education/training 


• runs  on  fast  PC 

• large  eddy  simulation  (LES)  of  gas  phase  flow 

• mixture  fraction 


• Finite  volume  method  for  radiation  transport  equation 
based  on  100+  discrete  angles 

NBT 

NoHoimI  InsIHut*  e<  Standards  and  Tochnelogr 

Technology  Adminislrotion,  U.S.  Deportment  of  Commerce 


Fire  Reconstruction  Modeling  Project  (Madrzykowski) 

oNYC  - 3 fire  fighters  die  inside  apt.  bldg, 
following  flashover  & wind  driven  fire 
»DC  - 2 Are  fighters  fatally  burned  in 
townhouse  fire 

« Keokuk,  lA  - 3 fire  fighters  die  inside 
house  following  flashover 


« New  tool  used  to  gain  insight  into  fire  events 
resultii^  in  some  fire  fighter  fatalities 

« Continuing  to  improve  model  capabilities  in 
response  to  needs  and  feedback  from 
investigations 

NIST 

Notienai  Institate  of  Standards  and  Technology 

Technology  Administration,  U,S.  Deportment  of  Commerce 
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COMMUNITY-SCALE  FIRE  SPREAD  (R.  Rehm) 


Site  Specific  Fire  Model 
® Fire  spread  between  buildings  and  the 
natural  environment 
® Fire  protection  strategies 
® Quantitative  planning  & training  tool 

1993  Laguoa  Rie  (NmnWMk) 


Large  Fire  Laboratory  Operations  (Mulholland) 


« renovated  facility  on-line  ($  7 M) 

« implement  advanced  measurement  capabilities  ($1.5  M) 


Ncrtienal  incHtut*  of  sio  New  calibratioii  burner 

■fechnology  Adminlstnolion, 


« Best-practices  to  ensure 
minimal,  quantified 


• 02-depletion  calorimetry 

• mass  flow  measurement 

in  duct  using  He  dopii^ 

(( 
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Wind  Effects  (Rehm) 


sa 


• effects  of  topography  & obstacles  on  wind  fields 

• effects  of  external  winds  on  flows  inside  of  the  LFL 


on  the  LFL 


Simulated  flow  vectors  4 m above  the  ground 
near  the  LFL 


Information  and  Data  (Reneke) 

Fire  Research  Information  System  (FRIS) 

» unique  Are  library  (60,000  holdings) 

• Planning  underway  for  transition  to  e-FRIS 

Fire  Data  Management  System 
^ create  a centralized  database  of  Are  data  and  exchange 
format  for  use  by  researchers  & testing  laboratories 


Codes  And  Standards  (Bukowski) 

« NFPA  Standards  Council  (+15  other  NFPA  Technical  Committees) 

* CIB  W14  (Fire,  TG37  - Performance-based  Bldg.  Regulations) 

- ISO  (TAGS,  TC92) 

» ASTM  (E5,  Fire  Standards,...) 

^ Korean  test  method  used  for  measuring  Are  resistance  of  wood  construction 
Cigarette  ignitabiUty  test  methods 
« ICC  Performance  Code  Development  Com. 

NIST 

NoHenal  liwtHute  af  Standards  and  Technology 

Technology  Administrotion,  U.S.  Department  of  Commerce 


NIIT  CIHTIHNIAie 


D-13 


7 


Planar  laser  measurements  of  Sprinkler  Flows  (Putorti) 


• Simultaneous  sprinkler  droplet  size  & velocity 
for  input  and  validation  of  CFD  fire  models 

• Implement  in  LFL 


• Fluorescing  droplets  for  sizing 

• Particle  tracking  for  velocity 

• Non-intrusive,  instantaneous 

• Large  area  (Im  by  Im) 

• Laser  sheet.  2D  measurements. 

• 2 lasers,  2 wavelengths,  2 pulses. 

• High  resolution  film  camera 


Less  Fire-prone  Materials  Project  (Gilman) 


Commodity  polymers  with  nm-sized  inorganic  layers  interspersed  can 
improve  mechanical,  thermal  & flame  resistant  properties. 


NIST 


NotlAMl  Instihit*  of  StaiMiard*  and  Tochnotogy 

Technology  Admini*trohon,  Ui.  Department  of  Commerce 


viability  of  high-throughput 
approaches  to  formulate/screen 
new  flame  retardants/flre 
resistant  materials  explored. 


graphite  layered  PP 
nanocomnosite  simulation 


D-14 


Prediction  of  Fire  Growth  and  Spread  (W.  Pitts) 


NIST 

Noflonal  InstHut*  oi  Standards  and  Tschnelogy 

leehnoloey  Administrcrtion,  U.S.  Department  of  Commerce 


Predict  detailed  fire  behavior: 
effects  of  geometry  (realistic  items) 
« materials  (drippii^,  bubblii^, 
chemical  effects) 

« charring 

Challenge:  develop  a physics-based 
pyrolysis  model  relating  fuel  flux  to 
heat  feedback 


NIST  eiNTINNIAin 


Characterization  of  Thermal  Imagers  (Widmann) 
Develop  an  evaluation  facility  to  test  the  capabilities  and 
limitations  of  commercially  available  thermal  imagers. 


Infrared  viewers  see  through 
smoke  for  fire  fighting 
applications. 


Thermal  ImagCT 


Uniform  hot  smoke  layer 


NIST 


Noflonal  InstHuto  of  Standards  and 

Technoloey  Administration,  U.S.  Department  of  Commei 


Adjustable  surface 
temperature 


N I 
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Protective  Clothing  Project 
(R.  Lawson) 

• Develop  instruments  & methods  for 
measuring  thermal  environments 
for  fire  fighters’  protective  clothing 
and  equipment  - NIST,  USFA, 
NIOSH  & FDNY 


NIST 

Notional  InctHute  of  Standards  and  Tochnolosy 

■fiKhnology  AdminittroHon,  US.  Deportment  of  Commerce 


Decision  Aids  Project 
(W.  Jones) 


• Develop  a prototype 
advanced  (smart)  fire 
alarm  panel  that  will 

• identify  the  location  of  a fire  in  a 
building 

• determine  fire  characteristics 

• operate  as  part  of  the  cybernetic 
building  systems 


® Develop  prototype  fire  service  devices 

• standardized  graphic/icons  for 
information 

• scalable,  prioritized 
communication 

• wireless  transmission 


HIST  CINTIHNIAia 


NIST  Response  to  9/11  Events 

I.  National  Building  and  Fire  Safety  Investigation  of  the 

World  Trade  Center  Disaster 

n.  Structural  Fire  Protection 

III.  Human  Behavior,  Emergency  Response  & Mobility 

IV.  Building  Vulnerability 
Reduction 

V.  National  Construction 
and  Infrastructure 
Forum 


NIST 

National  Inctitiit*  of  Standards  and  Toehnolagy 

Technology  Adminidrotion,  U.S.  Deportment  of  Commerce 
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IRSf^  FiAw  at  I 

K IPSN  strategy  in  Fire  Research 

K Experimental  programs  in  progress 

E Fire  scenarios  selected 

K Fire  reseorch  needs 

May  t-S.  2^ 

ICFMP  Sth  1 

IRSN 


IRSN  to  Fte 


Strategy  of  IPSN  in  fire  safety  research 


Global  approach 

□ Zone  Code 

□ Representative 
tests 


Detailed  approach 

□ CFD  Code 


May  i-3, 


□ Analytical  tests 


I£FMP  5th  2 
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iRSN 


ii^N  Stategy  In  Pto  Renrek 


@ Fire  Modelilr^ 

X Approach  of  Modelling 

Detailed  Approach 

ISIS 

More  precise  evaluotions  in 
specif  ic  complex 
configurations 


Two  Zone  & CFD  Approaches 

SYLVIA 

To  provide  different  modelling  levels 
for  vorious  users 

Meyi-s,  ICFMP  m imefifs 


global  Approach 

FUMMt^S 

Post  ond  globol  evaluation 
studies 


IRSN  in 


X Representative  tests 

# FLIP:  Fire  scenario  In  a confined  and  forced  ventilated 
enclosure 

# DIVA:  Fire  propagation  through  several  rooms 

X Analytical  tests 

# CARMELA:  Electrical  cabinets 

Mey  t-S,  iCmt  iCFMPSthmem  ^ 
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SM  fif®  f1l2i 


m Fire  scenarios  ranking  Approach 

X Lists  of  fire  scenarios  of  each  IRSN  team  : 

X Emergency  plans 
X Deterministic  fire  risk  assessment 
X NPP  fire  PSA 

X First  ranking  by  each  team  (ignition  source  frequency, 
dominant  scenarios  of  fire  PSA  or  importancy  of  releases) 

X Last  ranking  of  all  fire  scenarios 


Mayi-S.  ETOi  ICFMP  Stk  mefn^  5 


IRSM 


1 Glove  box  fire 

1®*  rank 

Nuclear  facility  | 

j TBP/TPH  fire 

2™^  rank 

Nuciear  facility  j 

1 

Fire  of  solid  waste 
drums 

2^  rank 

Nuclear  facility  j 

. . _i 

j Electrical  cable  fire 

4»’rank 

NPP  i 

1 Relay  rocm  fire 

5th  renk 

NPP  1 

j 

1 Pyrophoric  metal  fire 

e^-rank 

Nuclear  facility  | 

1 

1 El»;tric^  c^net  fire 

Shrank 

NPP  1 

- Rre  propagation  to  a 
compartment 

6^  rank 

NPP  1 

i 

located  above 

i 

NPP  1 

1 

Fire  in  the  Contalnmeit 

S^’rank 

Rre  in  a benchboard  erf 
the  control  rown 

t.... £ 

lO^^reik 

NPP  1 

1 

i 
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3 


Fir®  Meeds 


M Topics  selected 

X Combustion  parameters 
X Soot  production 

X Improvement  of  the  plume  model  In  a confined  and 
ventilated  configuration 

X Explosion  hazards  due  to  the  non-burnt  residues 
X Fire  propagation  towards  other  fire  sources 
X Damage  criteria  for  equipment  and  electrical  cables 


Meyl-S.  gSSa  K^MPSHumem 


Mm  M^s 


B Objectives 

■ Caracterisation  of  the  fire  source  (establishement  models  to  estimate 
the  combustion  mass  rate,  the  combustion  efficacity,  flamme  spread 
velocity) 

■ Stote  of  the  Art 

■ Combustion  parameters : 

HRR  = m . S . AH 

m : combustion  mass  rate 
S : combustion  area 
AH : combustion  heat 
Vf : Vitesse  de  flamme 


AH  = X . AHt 

X : combustion  efficiency 
AHt : complete  combustion  heat 

IWt  ICFMPSfhmmt^  8 
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Wlm  researeii 


state  of  the  art  (cont') 


■ Parameters  taken  into  account 

wi,  AHt  et  Vf  are  combustible  caracterisHcs 
#111  et  Vf  depends  on  size  and  geometry  of  the  combustible,  of  its 
position  vertical  or  horizontal  and  of  Us  temperature 
‘%m,  Vf  change  during  the  fire  scenario 

m Tests 

^iR  can  be  measured  in  a cone  calorimeter 
'^-During  full  scale  fire  test  the  mass  loss  rate  can  be  measured 
continuously  but  it  is  not  easy  to  measure  the  HRR,  moreover 
during  flame  propagation  or  fire  extinguishing  the  combustion 
surface  changes  strongly 

■ Usually  existing  data  are  for  unconfined  fire  (fire  over  oxygened) 


May  i-S,  I£F4IF  Sth 


Objectives  and  approach 

K Models  for  computer  zone  codes 

■ to  estimate  m according  to  the  fire  (combustible,  geometry,  position  ...) 

■ Taking  into  account  S evolution  notably  during  the  fire  growth  and 
extinguishirtg 

■ Impact  of  ambient  confined  (02  concentration,  CO,  C02,  soots,  Tgaz...)  on  m, 
Vf and  X 

K Approach 

■ state  of  art  report  (in  progress) 

■ In  the  first  stage,  study  of  fluid  and  solid  combustible  without  radionuclid 

■ 3 steps 

#Sca/c  effect  on  m and  x 

^effect  of  ambient  conditions  on  m and  x 

^ Effect  of  scale  and  ambient  conditions  on  Vf 

■ Development  and  qualification  of  a model  for  a first  combustible 

■ Adaptation  of  the  model  to  the  combustibles  of  selected  fire  scenarios 

May  i-i,  tost  ICFMP  Sth  meetifS  10 
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FIRST  APPLICATIONS  OF  A QUANTITATIVE  FIRE  HAZARD 
ANALYSIS  TOOL  FOR  INSPECTION  IN  THE 
U.S.  COMMERCIAL  NUCLEAR  POWER  PLANTS 
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Quantitatively  assess  fire  hazards  at  NRC-licensed  nuclear  power 
plants  (NPPs). 
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NRR  is  currently  at  the  V2  way  point. 


NRC  REACTOR  OVERSIGHT  PROCESS  /C 
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significance  of  inspection  findings. 
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METHODS  TO  ESTABLISH  THE  FIRE 

SCENARIO 
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guidelines  for  detail  fire  modeling. 
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Handbook  of  Fire  Protection  Engineering,  NFPA  Fire  Protection 
Handbook  and  new  SFPE  Engineering  Guides. 


REGIONAL  INSPECTOR  TRAINING 


C C 
5 .O 

0)  ^ 

1 1 

IS 

U S 
S 5 

m Q) 
5 fip 

I's 

CO  9: 
:iO 


Q. 

O 

CO 


® rn 

-Q  .52 


k-  CO 
0 >» 

§1 
o « 


o 

4-* 

CO 

75 

o 

0 

> 

o 

"D 

C 

0 


0 

■2  E 
o ^ 

(D  -ir 
Q.  -Q 
CO  O 

-E  ^ 


D-34 


Provided  with  a detailed  manual  which  contains  fire  dynamics  theory 
and  basis  of  worksheets. 
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evaluation.  The  worksheets  discussed  in  this  paper  are  the  second  set 
completed  and  put  into  use.  A complete  suite  of  worksheets  is 
expected  to  be  completed  in  2003. 
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The  EPRI  Guide  to  Fire 
Modeling:  An  Overview 


B.  Najafi,  F.  Joglar, 
Science  Applications  International  Corp. 

R.  Kassawara 
EPRI  Project  Manager 


Development  of  Core  Technologies 


Fitg  Modeling 

Develop  enhancemeiRs  to  fine  modeling 
tools  for 

• Ease  of  implementation  in  the  field 

•Use  in  promoting  understanding  of 
basic  fire  modeling  principles 

•Reducing  cost  of  application 


Operational  Data 


•Ensure  fire  events  data  is  pertinent  to 
risk  and  PB  evaluations 

•Determine  reliability  of  Tire  protection 
systems 


Fire  Tests 

•Validate  fire  modeling  tools 
•Verify  fire  characteristics 

•Determine  effectiveness  of  fire 
protection  systems 

•Determine  fire  damage 


Fire  Risk 

Identify  and  address  weakness  in  the 
fire  risk  evaluation  methods 


Implementatioii  Giiide 


Application 
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• Introduction 

- About  fire  modeling 

- Objectives 

- Fire  Modeling  Guidelines 

• Scope  and  development 

• Steps  to  perform  fire  modeling 

- 5 steps  to  perform  fire  modeling 

- Supplemental  guide 

• Conclusions 
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• Fire  modeling: 

- an  approach  for  predicting  various  aspects  of  fire 
generated  conditions  inside  a compartment 

- requires  an  idealization  and/or  simplification  of  the 
physical  processes  involved  in  fire  events 

• Any  departure  of  the  fire  system  from  this 
idealization  can  seriously  affect  the  accuracy  and 
validity  of  the  approach 
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• Exposure 

- Fire  Plumes 

- Ceiling  jets 

- Upper  layer 

- Flame  radiation 

• Effects 

- Heat  detection 

- Target  response 

• Fire 

- Predefined  intensity 
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• NPP’s  present  a number  of  fire  modeling  challenges 

- The  ability  to  address  all  this  challenges  is  usually  restricted  by 
model  capabilities 

- A procedural  approach  can  help  practicing  engineers  through  the 
process  of  fire  modeling 

• In  response  to  the  need  for  this  procedural  approach, 
EPRI  developed  the  Fire  Modeling  Guidelines 
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Develop  a process  through  which  fire  protection 
engineers  in  commercial  nuclear  facilities  may 
use  fire  modeling  to  support  day-to-day  operation 
of  their  facilities. 


8/19/2002 
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• The  guide  is  a complement  and  not  a substitute  to: 

- fire  dynamics  text  books 

- code  validation  studies 

- user’s  guide(s)  for  a particular  code(s) 

• The  guide  does  not  address  the  issue  of  selection  of  fire  scenarios. 

• Users  with  the  following  characteristics  will  benefit  the  most: 

- Understanding  of  algebraic  equations 

- General  knowledge  on  compartment  fire  behavior 

- General  knowledge  on  basic  engineering  principles,  specifically  heat  transfer 
and  fluid  mechanics 


Slide;  8 


8/19/2002 


• Library  of  fire  scenarios 

• Modeling  of  fire  scenarios 

- Scenario  description 

- Prediction  of  fire  conditions 

• Lessons  learned 

- The  evaluation  of  the  scenarios  generated  the 
knowledge  base  to  develop  the  actual  guidelines 

• Methodology  to  perform  fire  modeling 
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• Switchgear  room 

• Cable  spreading  room 

• Main  control  room 

• Pump  room 

• Turbine  building 

• Multi-compartment  corridor 

• Multi-level  compartments 

• Containment 

8/19/2002  Slide:  11  SI^IHI 
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• Issues  and 
challenges 

- High  energy  events 

- Fire  barriers 
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• Issues  and 
challenges 

- Fire  spread  in  cable 
trays;  horizontal, 
vertical,  or  sloped 

- Fire  propagation 
between  cable  trays; 
stack,  parallel,  or 
crossing 

- Congested  ceiling 
(with  cable  trays)  and 
impact  on  ceiling  jet 

- Obstructed  detection 
and  suppression 
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• Issues  and  challenges 

- Fire  propagation  inside  Main 
Control  Board 

- Panel-to-panel  fire 
propagation  and  timing 

“ Habitability 
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• Issues  and 
challenges 

- Large  fires  in  small 
compartments 

- Flashover 

- Integrity  of 
boundaries 
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• Issues  and  challenges 

- Different  ceiling  heights 

- Soffits  and  their  impact  on 
propagation  of  hot  gases 
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Hand  Calcs 

• FIVE-Rev1 

- Excel  tool 

- Most  of  hand 
calcs  in  FIVE 

- DETACT 

- MQH  room 
temperature 
model 


• Negligible 
calcula 


ation  time 


Zone  Models 

• CFAST(NIST) 

• MAGIC  (EOF) 

• COMPBRN-llle 

• Calculation 
times  in  the 
order  of  minutes 


Field  Models 

• Not  included  in 
the  guide 

• Calculation 
times  in  the 
order  of  hours  to 
days 
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• Microsoft  Excel  tool  with  hand  calculations  included  as 
Excel  built-in  functions. 


• The  library  of  functions  include  most  of  the  hand 
calculations  in  FIVE  plus  the  DETACT  and  the  MQH 
models  for  detection  and  room  temperature  respectively 

• The  built  in  functions  combined  with  Excel  capabilities 
allow  to  perform  sensitivity  and  uncertainty  analysis. 

• Available  from  EPRI 
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• Developed  in  the  90’s  for  a broad  range  of 
applications  including  buildings,  power  plants  etc. 

• DOS  based  software  with  a GUI  interface 

• Multi-fire,  multi-room,  multi  target  fire  simulation 

• Available  from  NIST 
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• Developed  in  the  90’s  by  EDF  for  a broad  range  of 
applications  including  buildings,  power  plants  etc. 

• Windows  based,  user  friendly  graphical  Interface 

• Multi-fire,  multi-room,  multi-target  fire  simulation 

• Available  from  EPRI 
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Developed  In  the  early  80’s  mainly  for  nuclear  applications 
Still  a DOS  computer  application 

- Difficult  to  input  modeling  parameters  (vs.  Windows  applications) 

- Difficult  to  evaluate  modeling  results  (vs.  Windows  applications) 

Single  compartment  model  with  one  opening 
Uncertainty  Analysis 
Available  from  EPRI 
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• step  1 : Define  modeling  objectives 

• Step  2;  Describe  the  fire  scenario 

• Step  3:  Select  appropriate  model(s) 

• Step  4:  Estimate  fire  generated  conditions 

• Step  5:  Verify  and  interpret  results 
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Define  modeling  objectives 

- Need  to  be  expressed  in  terms  of  output  parameters 
from  fire  models 

Example 

- “Evaluate  the  temperature  at  the  surface  of  the  target” 


8/19/2002 


Slide:  26 


eF>iai 


D-63 


• Describe  the  fire  scenario 

- Compartment:  geometry,  ventilation,  fire  protection 

- Targets:  location,  flammability  parameters.  Intervening  combustibles 

- Fire:  heat  release  rate 

• Scenario  characteristics  are  the  basis  for  model  selection 

• The  model  may  require  more  or  less  information  than  the 
one  already  collected. 
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• Select  appropriate  model(s) 

- The  guide  provides  a table  that  summarizes  the 
capabilities  of  each  zone  model 

- The  characteristics  of  the  scenario  are  required 
to  use  the  table 

- Additional  description  may  be  required  based  on 
the  specific  inputs  to  the  selected  model(s) 
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Estimate  fire  generated  conditions 

- Prepare  input  file  to  the  model 

- Run  the  model 

- Process  output  file 
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Verify  and  interpret  results 

- Check  if  results  are  consistent  with  input  parameters 

- Use  the  results  to  address  the  predefined  objective 
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In  many  fire  scenarios,  these  5 steps  can  not  be 
readily  implemented  for  reasons  that  include: 

- Enclosure  geometry 

- Modeling  capabilities 

- Input  parameters 

Supplemental  guidance  in  these  areas  help 
analyst  perform  fire  modeiing  studies  without 
compromising  technical  validity. 

Supplemental  guidance  is  also  provided  in  the 
area  of  interpreting  fire  modeling  results 


t f<>tarTV 
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• Library  of  NPP  fire  scenarios 

• Modeling  examples  of  the  library  of  fire  scenarios 

• Fire  modeling  guide 

• Excel  template:  Five-Rev1 
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• Understanding  of  fire  dynamics  is  essential: 

- Physical  phenomena 

- Assumptions  in  the  development  of  each  model 

- Capabilities  and  limitations  of  each  model 

• Combination  of  modeling  tools  is  usually  necessary  to  evaluate 
complex  situations  in  nuclear  power  plants 

• The  fire  modeling  guidelines  help  engineers  to  organize  information 
and  select  appropriate  models 

• EPRI  Is  preparing  a two-day  training  course  on  compartment  fire 
behavior  and  the  use  of  the  FM  guide 
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• Areas  where  fire  modeling  can  be  applied 

- Thermal  effects  of  plumes,  ceiling  jets  and  radiation 

- General  room  heat  up,  and  hot  gas  layer 

- Elevated  fires  and  oxygen  depletion 

- Multiple  fires 

- Multi-compartments:  corridors  and  multiple  elevations 

- Generation,  migration  and  density  of  smoke 

- Partial  barriers  and  shields 

- Detection 

8/19/2002  Slide:  34  (=1^01 


D-67 


• Areas  for  future  research 

- High  energy  fires:  explosions 

- Hydrogen  or  liquid  spray  fires 

- Fire  growth  within  main  control  board 

- Fire  propagation  between  control  panels 

- Fire  suppression 

- Cable  fires 

• EPRI  method  uses  empirical  models  based  on  a 
combination  of  operating  experience  and  applicable  fire 
tests  to  estimate  consequences  of  such  fires 
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Duke  Power 
Exelon 

Public  Service  Electric  & Gas 

Pacific  Gas  & Eiectric 

EDF 

NIST 

NRC 
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FLAMME_S  code  qualification 


> 4 series  of  tests  for  qualification  : 

1 . Centred  Pool  fires  (IPSN  tests) 

2.  Pool  fires  against  a wall  (IPSN  tests) 

3»  Multi-  room  tests  ; centred  fire  (Cooper  and  al.) ; 

4.  Multi  rooms  tests  ; fire  against  a wall  (Peacok  and  al.) 

> Objectives  of  IPSN  tests 

1.  To  study  the  development  of  a pool  fire  in  a semi-confined 
compartment  with  forced  or  natural  ventilation 

2.  To  study  the  interaction  between  the  wall  and  the  fire 
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FLAMME-S  qualification 


Fuels 

Chemical  formula 


^ TPH 

^ 70%  TPH  - 30%  TBP 

> Ethanol 

^ Mineral  Oil  (DTE  medium) 

> Domestic  fuel 

> Methane 


CA 

70%  (C12H26)  - 30%  (C12H27O4P) 

^3134^63,9 

^15,55^,3 

CH4 
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FLIP  tests 

> fire  pool  against  the  south  wall 

> PLUTON  faciUty  : V = 400  m3,  LxlxH 
9 mx6  mx7,6  m concrete  walls 

> the  normal  ventilation  flow  rate  of  tiie  room  : 3 
volume  changes  per  hour. 
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FLAMME_S  code  qualification 


Area  of  the  pool  Mean  HRR  Kind  of  fuel  Test 


(m^) 

kW 

0.4 

360 

TBP/TPH 

FLIPl 

0.4 

215 

Ethanol 

FLIPIA 

1.0 

645 

TBP/TPH 

FLIP2 

1.0 

510 

Ethanol 

FLIP2A 

1.5 

910 

TBP/TPH 

FLIP? 
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[ FLAMME_S  code  qualification 


Experimental  data 
Experimental  cell : 

> Liquid  fuel  mass 

> Plume  temperature 

> Gas  temperature 

> Wall  temperature 

> Total  and  radiative  thermal  fluxes  on  the  walls 

> Gas  pressure 

> Flow  velocity  in  die  plume 

> Species  concentrations  : O2,  CO2,  CO,  soot  (C) 

30^/2002  5 


FLAMME_S  code  qualification 


Ventilation  network 

> Admission  and  extraction  flow  rates 

> Pressures  at  different  location  (ex  : up  and  down 
stream  of  the  filters) 

> Gas  temperature 

> Species  concentrations  : O2,  CO2,  CO,  soot  (C) 
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FLAMME_S  code  qualification 


> Data  used  to  qualify  FLAMME_S  code 

Imput  data : 

^ Mass  Combustion  rate  : measured  mass  loss  rate  in 
function  of  time 

^ Soot  fraction  : mean  experimental  value  (mass  balance 
after  the  test) 
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FLAMME_S  code  qualification 


Test  Data  used  for  the  comparison  with  code  results 

^ Gas  temperature : mean  temperature , lower  zone 
temperature,  u|^r  zone  temperature 
^ Gas  pressure 

^ Gaseous  species  fractions  : O2,  CO2,  CO 
^ Wall  temperatures 

^ Ventilation  network  : gas  flow  rates  (admission  and 
extraction) 
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IRSN  FLAMME_S  qualification 


Comparison  of  the  experimental  and  calculated  values 

% Experimental  and  calculated  values  plotted  on  graphes 
Determination  of  the  relative  variations  between  the 
maximum  values 

Determination  of  the  largest  deviations 
Qualification  criteria  : 

Relative  deviation  between  experimental  and  calculated 
values  less  than  20%  for  the  main  variables 

gas  mean  temperature,  gas  pressure,  oxygen  concentration, 

wall  temperature 

lower  and  upper  zone  temperatures  interface  height 
admission  and  extraction  gas  flowrates 

30/04/2002  9 


FLAMME_S  code  qualification 


Domain  of  qualification 

> room  walls  : concrete  or  of  steel. 

> height  of  the  room  : equal  or  greater  than  the  smallest  horizontal  dimension  of 
the  room. 

> room : sealed  or  connected  to  the  outside  with  vertical  openings  or  with  a 
ventilation  networic  (flow  rate  : 3 to  5 volume  changes  per  hour). 

> fire  pool : centered  in  the  room  or  against  a wall  (see  FLIP  tests). 

> fuel : mineral  oil  or  of  an  organic  liquid. 

> the  pool  area  to  the  area  of  the  horizontal  surface  of  the  facility  ratio  : less  than 
5% 

> combustion  rate  of  the  fuel : input  data 

> heat  release  rate  to  the  volume  of  the  facility  ratio  is  less  than  5kW/m^ 
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IRSN  j FLAMME_S  code  qualification  I 

Future  steps  for  qualification 

> Electrical  cabinets  fires  tests  (carmela,  carmelo  tests) : 

to  develop  a model  for  describing  the  heat  release  rate  evolution  for 
this  material 

First  series  of  tests  is  thieved  ; an  empirical  model  is  proposed  ; 
complementary  analytical  and  global  tests  are  planed  in  2002 

^ Multi  room  tests  : 

^ DIVA  tests  (first  preliminary  campaign  : 2002) : study  of  smoke  and 
heat  spreading  in  multiroom  configurations  (natural  and  mechanical 
ventilation) 
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FLAMME_S  code  qualification 


> Comments : 

Results  are  not  satisfying  for  calculation  of  large  pool 
fires  (ex  : 2 MW,  400  ) 

^ Limitation  of  zones  model  to  simulate  fires  with  large 
vertical  thermal  gradient  into  the  gaseous  volume 
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The  value  indicated  corresponds  to  the  ventilation  flow  rate  at  the  start  of  the  fire. 
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for  Nuclear  Power  Plant  Applications 
Gaithersburg,  MD,  May  2-3,  2002 

ZONE  MODEL  VALIDATION  OF 
ROOM  FIRE  SCENARIOS 

O.  Keski-Rahkonen  and  S.  Hostikka 
VTT  Building  and  Transport 
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Contents 

• Introduction 

• Overview  of  scenario  B 

• Experimental  data  reduction  for  fire  model 
validation 

• Participants 

• Results 

• Godness  determination  of  the  results 

• Conclusions 
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VTT  BUILDING  AND  TRANSPORT 


Introduction 

• Performance  based  code  usage 

• Zone  model  technology  evaluation 

• Round  robin  within  CIB  W14 

• NIST  codes  considered  here 

• CFAST 

• FIRST 

• Excerpt  of  a full  report 
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Scenarios 


Test  label 

Room  size 
(m^) 

Fire  load 
(kg) 

Fire  load  density 
(MJ/m^) 

Peak  RHR 
(MW) 

Test  time 
(min) 

B1 

SF83-3 

15  X 7.2  X 3.5 

1989 

330 

11 

100 

B2 

SF85-10 

20  X 7.2  X 3.6 

1815 

220 

14 

180 

B3 

SF86-10 

7.4  X 7.2  X 3.6 

2x500 

330 

5.2 

120 
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vtt  building  and  tr  ansport 


Testing  hall 
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Subscenario  B1 


Plan  view 
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Subscenario  B2 
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Temperature  profiles 


T(Zi,t)  = T(z„^,t)+t 


0 2D  40  60  80  100  120  140 

Time  (min) 
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Layer  definitions 


T(Zi,t)-T^  _ N 


T{z„p,t)-T, 


amb 


100 


N-percent  rule 


H 


J T{z)dz  = (H-  Zi)T^  + z,Ti 


0 

H 

J 


dz  yrr  N 1 1 

= (H  -Zi)—  + Zi  — 


Quintiere  et  al. 
1984  (DIM) 


i nz) 


u 
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Density  integral  method  (DIM) 


Zi  = 


I,+I,Tl-2T,H 


H 


/i  = J Tiz)dz 


H 


-! 


dz 


T(z) 
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VTT  BUILDING  AND  TRANSPORT 


Mean  relative  errors 


Code 

Variable 

ARC 

CFA 

MRF 

no 

FW 

FST 

FLS 

ns 

Average 

25 

13 

14 

14 

21 

21 

48 

26 

23 

r^B2 

27 

27 

25 

26 

NA 

15 

36 

33 

27 

r^B3 

32 

10 

20 

12 

NA 

NA 

41 

35 

25 

Average 

28 

17 

20 

17 

21 

18 

42 

32 

24 

^smoke  B 1 

72 

23 

14 

27 

20 

19 

25 

19 

27 

hsmoke^2 

69 

62 

81 

88 

NA 

86 

70 

65 

74 

^ smoke  B3 

54 

36 

10 

28 

NA 

NA 

51 

32 

35 

Average 

65 

40 

35 

48 

20 

52 

49 

39 

43 

AO2BI  “ 

3.3 

2.7 

2.0 

3.0 

7.4 

1.7 

1.1 

1.8 

3 

AO2  B2 

37 

38 

36 

31 

NA 

54 

53 

38 

41 

AO2B3 

31 

34 

42 

43 

NA 

NA 

175 

67 

65 

Average 

24 

25 

27 

26 

7 

28 

76 

36 

31 
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Conclusions 


• Results  improved  from  blind  to  open  simulations 

• Seiection  of  aiternative  submodeis  important 

• Deviations  from  experimental  data  10%  ...  factor  of  2 

• The  user  the  most  critical  factor 

• CFD  calculations  was  not  superior  to  zone  models 
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FIVE  Methodology 
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Background  on  FIVE 


Developed  by  EPRI  in  early  1990s  for  nuclear 
utilities  to  use  in  IPEEEs 

Included  two  parts 

® Overall  methodology  developed  by  PLC 

Methods  of  quantitative  fire  hazard  analysis 
developed  by  Mowrer 

Fire  hazard  analysis  methods  intended  for 
screening  purposes 
" widely  used  for  qualification  purposes 
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The  FIVE  methodology 

* Developed  as  series  of  lookup  tables  for 
one-zone  one-room  analysis 
» Average  gas  temperature 

Unventilated  enclosure  (base  case) 

* Naturally  ventilated  enclosure 

* Mechanically  ventilated  enclosure 

s Fire  plume  sublayer 

» Ceiling  jet  sublayer 
Thermal  radiation 
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The  FIVE  methodology 
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AT^,  (r/H) 


2/3 


il. 


The  FIVE  methodology 

' Average  hot  gas  layer  temperature 
AT^^=TXexp(Q^,/QJ-l] 

® Plume  temperature 

A2/3 

Ar,,=Ar^,+25^ 

' Ceiling  jet  temperature 

0.32 
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FireMD  - General 
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FireMD  - Fire 
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FireMD  - Compartment 
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FireMD  - Ventilation 
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FireMD  - Plume  / CJ 
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FireMD  - Results 
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FireMD  - HRR 
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FireMD  - Temperatures 
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FireMD  - Ceiling/floor 
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FireMD 
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- Vertical  flows 
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FireMD  - Heat  fluxes 
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FireMD  - Detection 
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FireMD  - Target 
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FireMD  validation  studies 


V" 

■ P 


FMSNL  baseline  validation  enclosure  fire 
tests 

LLNL  mechanically  ventilated  enclosure 
fire  tests 
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FMSNL  series 

" Enclosure 

• 18.3  m (600  X 12.2  m (400  x 6.1  m (200  high 
" Fire  sizes  / durations 

* 500  - 2000  kW  / 10  - 20  minutes 
Ventilation 

Mechanical  injection  through  6 vents  located 
1.2  m (40  below  ceiling 

«*  0.4  - 3.8  mVs  (1  - 10  changes/hour) 
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- Fire  Source  Locations 
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FMSNL  instrumentation 
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FMSNL  series 


“ Test  4: 

« 1 air  change  per  hour  (0.38  mVsec) 

Peak  HRR  = 500  kW,  Growth  time  = 240  sec. 

Test  5: 

10  air  changes  per  hour  (3.8  mVsec) 

- Peak  HRR  = 500  kW,  Growth  time  = 240  sec. 

^ Test  9: 

« 8 air  changes  per  hour  (3.3  mVsec) 

® Peak  HRR  = 1000  kW,  Growth  = 480  sec. 
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L^per  Layer  and  Plume  Temperatures  (Test  4) 
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FMSNL  Test  5 


Ufqwr  Layer  and  Plume  Temperatures  (Test  5) 
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FMSNL  Test  9 
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LLNL  series  (Mod27B) 

Enclosure 

6.0  m (200  X 4.0  m (130  x 4.5  m (150  hiQh 

^ Fire  size 

" steady  400  kW  fire 

' Ventilation 

« Mechanical  extraction  at  0.25  mVs  through  vent 
located  0.36  m (1.10  above  floor 

Makeup  air  through  0.24  Inlet  0.1  m above  floor 
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LLNL  Mod27B 

Upper  layer  temperature 


Upper  Layer  and  Celling  Jet  Temperatures 
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LLNL  Mod27B 

^ Oxygen  concentration 
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LLNL  Mod27B 


■ ' Wall  heat  flux 


D-113 


LLNL  Mod27B 
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Inlet  / outlet  air  flow 
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Summary 


FireMD  provides  useful  enhancements  to  FIVE 

FireMD  predictions  compared  with  experimental 
measurements  for  a range  of  enclosure  sizes, 
fire  intensities  and  ventiiation  conditions 

FireMD  predictions  are  generaliy  within  ~20%  of 
measurements  for  temperatures  and  flow  rates 

Further  work  needed  on  02  concentration  and 
higher  temperature  Are  conditions 
« No  work  currently  being  done  on  the  model 
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S'”  Meeting  of  the  International 

Collaborative  Fire  Model  Project 

May  2-3, 2002 


The  Three  Legs  of  Modeling  for 

Public  Safety 
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Modeling 
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Concept  of  a Zone  Model 
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Use  ordinary  differential  equations  rather  than  partial 
differential  equations 

Adding  phenomena  is  relatively  easy 


Concept  of  a Zone  Model 
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Why  Is  this  Modeling  Important? 
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Zone  Models  in  the  U.S 
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Phenomena 
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Phenomena 
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Separate  internal  and  external  ambient(s) 


Intercompartment  Heat  Transfer 
(Horizontal  Conduction) 
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XYZ  Positioning  of  Objects,  Fires  and  Surfaces 
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Vertical  Flow 

(Horizontal  Vents) 
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Leakage  - Specification  Errors 
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Ceiling  Temperature  (K) 


Verification  vs  Vaiidation 
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Issues  Related  to  Verification 
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Quotes  on  Verification 
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One  of  our  real  room  comparisons 
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1,  3,  4 and  Multistory  Configurations 
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An  example  with  four  real  scale  experiments 
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4)  Maintain  a history  of  CFAST  - eariiest  is  March,  1989-4 

In  principle,  one  can  reconstruct  the  executable  for  each  release  including  intermediate 
versions.  In  reality  this  is  not  a practical  exercise. 
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Numerical  Simulation  Of  A Compartment 
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FDS 

Fire  Dynamics  Simulator  v2  (Dec.  2001) 
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Smokeview  for  data  visualization 
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• For  some  problems  the  grid  cell  time  savings  » 
boundary  condition  time  penalty 


Multi-Block  Example  1 
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10000  Cells  1400  Cells 
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1600  Cells  1120  Cells 


HDR  Facility 
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11,000  m3 

5 vertical  flow  paths 


HDR  Fire  Testing  Program 
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T52  Test  Layout 
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One  grid  ,10  cm,  1,216,000  grid 
Also  ran  % linear  resolution 


FDS  Model 
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2.5  min  CPU/s  realtime 


Integral  Fire  Room  Results 
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*Hand  calculation  following  1 -layer  method  of 
Karlsson  and  Quintiere,  2000,  Enclosure  Fire  Dynamics. 
CRC  Press. 
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Fire  Room  Doorway 
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Plume  Animation 
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Hatch  Temperature  Full  Grid 
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Hatch  Velocity 
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Dome  Temperature  Full  Grid 
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X (m)  X (m) 


Dome  Temperature  % Grid 
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x(m)  x(m) 


Dome  Velocity  Full  Grid 
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Dome  Velocity  % Grid 
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X (m)  X (m) 


Dome  W-velocity  Animation 
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Energy  flux  across  gris  is  well  maintain 


Verification,  Validation  and  Selected 
Applications  of  the  VULCAN  and 
FUEGO  Fire  Field  Models 


Louis  A.  Gritzo,  Ph.D. 

Manager 

Fire  Science  and  Technology  Department 
Sandia  National  Laboratories 
Albuquerque,  NM 
(505)  844-8353 
iaaritz@sandl8.aov 
www.esc.sandia.gov/firescience.html 


Sandia 
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Start  FY02  Rre  Program  Profile 

FY02  Funding  Directly  Related  to  Fire  > 6.5  Smillion 


Work  Type 


O Computational 
S Bcperimental 
□ Analytical 


Work  Area 


□ Research 

B Code  De\elopment 

□ Code  V^idation 

□ Applications 
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Sandsa’s  Fir©  Science  & Technology  Program  Provides 
Solytfons  to  Problems  of  Mallonal  Importance 


Improved  Confidence  in  Nuclear  Weapon  Safety 

• Assessments  identify  fire  es  a potential  concern  in  the 
fransportation  & storage  of  weapons  <DOE,  DTRA) 

* Ouaiificatfon  required  for  StEPs 


• Facilities,  Vehicles  (DOE,  NRC,  DoD) 
Suppression  Solutions 

• Improved  use  of  Less-Effective  Halon  Alternative 

• Aircraft  (LFT&E,  Air  Force,  NAVAIR,  FAA.  NTSS) 

• Ground  Vehicles  (ARMY) 

• Ships  (NRL,  NAVSEA) 

• Structures  (DOE) 

Smoke  and  Fire  Detection  and  Analysis 

• AircrafVShips  (FAA,  NAVSEA) 

• Nuclear  Power  (NRC) 

Active  Memorandum  of  Understanding  (MOU) 

« USFS-  RMRL,  NASA-  GRC,  NRC,  CESTA  - 


Suppressants 
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Suite  of  iiodels  for  Fire  Analysis 


i^losure  Fires 


Prnm:  Fi«0OS0FireFtald  Model 
< eufld  Upon  VULC/U4  Pinfeics  Models 
• ©efiw  Comply  0eometriS8 
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Soot.  Suppress 
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■ nfe. Science  ^ fee hnotoqv 


Oyalificatlon  Risk  Rsductlori  arid 
Aeeeptance/Accredttatioo 


Experiments/Data 


Diagnostics 


Discovery 


Computational  Model 
Development 


Velldatlon 

Computational  Model 
Validation 

— ► 

System-Specific 

Analysis 

Empirical 
Development  \ 


Acceptance 


System-Specific 
'*4  Performance 
Tests 


Accreditation 


Existing 

'^Literature 


Near 

Source 

.Piumes, 


><^^ntroil» 
^ Integral 
^^xperfanen 


Rre  ^ 

Tests  Auallfleatiol 
>^XDerimenfa 


Helium  Plume 


Relevance 


syiodel  ValleiatloD  Data  is  Vital  for  Predictive  Modeiloci 


Advanced  1 
Diagnostic! 

Research 
^ Facilities 
^ ProbI 


Focus 


Large  Rre 


Simple  Enclosure  Rre 
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Thermal  Insult  Depends  on  Locatlori 
& Orientation  with  Respect  to  Fire 


<1S0kwAn® 


< 120  kw/mi 


SOOkw/m^ 


<40lcw/m2 


<60kw/ni* 


Leeward-side  vortices 


Measured  heat  fluxes  in  large  open  fires 


Enclosure  Fire  Heat  Fluxes 


-90.  seconds 

Celling 
18.6 


LtngOt  (64  fl) 


Door  Side  (24 


III  Igloo  2 (12  NovOI)  • Open  Door,  Closed  Coflii^  Vents 
10  ftx  14ftr«etingularfuolpans,  JP8  fire  with  calorimotirehitter 
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Probe-Based  Diagnostics 


Flre-Survivable, 


Soot  In  Fully  Turbulent 
Fires 

• Temperature 

• Concentration 

• Structure 


Soot  Structure  from 
Sampling/TEM 


Soot  Properties  in  IR 
being  determined  by 
Extractive  Sampling 


Gases  (via  Diode  Laser) 

• C2H2 

• C02,  H2O 
•Oxygen,  ... 


fid©s  Coritroiled  Fire  Eovirorirrierits 


Fire  Laboratory  for  the  Accreditation  of 
Models  and  Experimentation  (FLAME) 


Instantaneous 
Velocity  Field 


1 mxlm 


Viewii^  Plane 
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lotegrai  Validation  Experiments  Underway  In  FLAAiE 


Key  Set  of  Fire  Data  for 
FUEGO  Validation 

• Airflow  Control 
(<10%  variation  with 
Grid-Scale  Resolution 

• Temperature  Distributions 

• Soot  Measurements 

• TDL  Measurements 

• Fast-Scanning  IR  Data 


Appiicatlori 

Simulation 


Phenoffiena 
identificatiori 
End  Ranking 


VaV  Process  Overview 

Application 
(Reality) 

Validation  ^ 

Compytatfonaf . Loops  Until  Model  Matfiematicai 

Model  Form  Uncertainty  Is  Established  i^©|jeis 
Application  Loops  Until 
" ' v.^Applicatia|i^eeds 

Trained  ^^SQE  based 

Certifieci  Oe¥eiopment 

Analyst  Verification 

Formylatlon  Computer 

Code 


Wrtiontf. 

taboratoriBs 
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Phenomanologieal  Idaritificallofi  and  Rankfng  Tabla 


Fire  Simulations 
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Understanding  Soot 


Understanding  Turbuient  Mixing  in  Fires 
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Verification 

Methodology  ^ 

•Unit  Testing  (Subroutine  level) 

•Verlficallon  ProbIfflTj  Testing  , 

Approaches  to  Verification  Problem  Testing 
^alytlcal  & Semi>Analyt!cdl  Solutionsa 
•Numerical  Benchmark  Solutions 
•Manufactured  Solutions 

Test  Suite  Of  17  formal  problems 


Verification  Test  Suite  Coverage 


Legend 

T ■ Tranttent 
RA  • RtsoNed 

Seale  Adveetion 
UA  • Unraaoivcd 

Scale  Adwfltion 
D ■ Olfhialon 
8 s Bourve^Stnk 
Mdt  B Uodelad  Tarms 
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Fire  Science  Technology^. 


Questions? 


Lou  Gritzo 

(505)  844-8353 

laaritz#SEndla.aov 


Sandia 

NaOQIra 
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NIST  Large  Fire  Facility 


George  Mulholland,  Fire  Metrology  Group 

Leader 

David  Stroup,  Facility  Manager 

5th  meeting  of  the  InternationalSub-panel  for  Fire 

Research 

January  24, 2001 


Purpose  of  Large  Fire  Laboratory 

Apply  quantified  measurements,  real-time 
analysis,  and  large  area  diagnostics  diagnostics 
to  validate  models  for  tire  phenomenon 
including  tire  dynamics,  detection,  and 
suppression. 
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Large  Fire  Laboratory  Exhaust 
Capabilities 

• Scrubber  for  removal  of 

acid  gases  and  baghouse  for  Picture  of  facility 

removal  of  particulate 

• Variable  from  0 to  42  mVs 

• Two  Fixed  Exhaust  Hoods 

- 6 m X 6m,  3 MW 

- 9mxl2m,6MW 

• Three  Connection  Ports 

- 0.2  m Diameter 

- 0.5  m Diameter 

- 0.5  m Diameter 


Current  Capabilities,  1/02 

• 6 m X 6 m Hood,  Heat  Release  Rate  in  real  time 

• Calibration  burner  up  to  6 MW 

• 9 m X 12  m Hood  - Exhaust  Only 

• 4mx4mx2.4m  Burn  Enclosure 

• Data  system  developed  with  near  real  time 
analysis/presentation  of  results 
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Current  Projects 

• CPSC  funded  Smoke  Detector  study  in 
manufactured  home 

• Fire  Research  Foundation  study  of  Suh-Lethal 
Toxicity  including  flashover  conditions 

• STRS  funded  effort  to  plan  experiments 
designed  to  support  WTC  fire  models  and  fire 
resistance  performance  prediction 

• STRS  project  to  quantify  the  uncertainty  in 
heat  release  rate  calorimeter  measurements 


Quantify  Uncertainty  in  Heat  Release  Rate 

Calorimeter 

• Why  important:  Heat  release  rate  is  the  single 
most  important  quantity  for  characterizing  the 
hazard  by  a given  fuel  package. 

• Approach: 

- Develop  real-time  data  acquisition/analysis 
capbility 

- Develop  calibration  burner 

- Quantify  the  uncertainty  of  the  measurement 
quantites 
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Heat  Release  Equation 

Q = (Xl^-Xo^)HcPo,'V 

Where  is  often  assumed  to  be  13.1  kj/kg  and  the  duct  flow, 
V,  is  taken  to  be  equal  to  the  ambient  flow. 

Complications: 

•He  is  affected  by  CO  production. 

• V is  affected  by  the  change  in  stoichiometry  as  oxygen  is 
consumed  and  CO,  CO2,  and  H2O  are  produced. 


Illustration  of  Measurement  System 


Show  sampling  location,  bi-direction  probes  and  TC’s, 
sampling  line,  trap,  gas  analyzers,  “He  flow  system”. 
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Data  Acquisition/Analysis/Control  Challenges 

• Assembled  dual  processor  workstation  computer,  National 
Instruments  hardware 

•Currently  192  analog  input  channels,  16  digital  I/O 
channels 

• Developed  Lab  VIEW  program  for  compensating  for 
different  measurement  times  to  achieve  near  real-time 
analysis  and  display  of  processed  data 

•Typical  use:  1 second  averages  for  60  channels  scanned  at 
200  Hz  during  1 hour  test 

• Capable  of  controlling/measuring  calibration  burner  fuel 
flow  rate 


Calibration  Burner/Flow  Facility 

Show  the  following  components: 

• natural  gas  inlet,  shut-off  valve, 
programmable  flow-controller,  flow 
meter  with  pulse  generator,  “heat  of 
combustion  analyzer” 

• pilot  flame,  flow  control  to  various 
regions  to  maintain  flame  height,  burner 
dimension,  “fire-eye” 
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HRR  Calibration  System 


Elements 

Natural  Gas  (daily  basis) 

Caloric  determination  of  He  of  natural  gas 

Flow  Control 

• Safe  (industrial  control  design) 

• Accurate  (NIST  Calibrated) 

• Lab  View  Flow  Control  & Measurement 

Tube  Burner 

• High  turndown  Ratio  (50  kW-6  MW) 

• Design  used  FDS  calculations 


FDS  Average  Flame  Height 
4 MW  Fire  in  Tube  Burner 


Calibration  Burner,  3 MW 
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Comparison  of  the  Burner  Output  Based  on 
Flowrate  to  the  Heat  Release  Rate 


Time,  s 


Calibration  Burner  t^  Burn  Designed  for  a Peak 
Heat  Release  of  2.04  MW 
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Calibration  Burner  Range  Test 


Two  of  11  tubes  used  to  see  if 
a blowoff  condition  could  be 
attained 


6 MW  with  11  Tubes 


Close-up  of  lower  section  of  1.5  MW  natural 
gas  flame  (using  2 tubes).  Note  low  soot  level 
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Calibration  Burner  Range  Test  in  Large  Hood 


Future  Capabilities 

• Soot  volume  fraction  in  upper  layer 

• Heat  transfer  measurements  in  upper  layer 

• Surface  temperature 

• Chemical  analysis/FTIR 

• Doorway  Flow  Measurements 

• Water  Spray  Measurements 

• ISO  17025  Testing  Laboratory  Competence 

• Integrated  research  approach  - model  used  for 
designing  and  interpreting  results 
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Future  Large-Scale  Capability:  Simultaneous 
Droplet  Velocity  and  Size 


Fluorescing  sprinkler  spray, 
70  cm  by  60  cm  measurement 
area 


Droplet  trajectories  fluoresced 
by  laser  sheets 
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#1 

Benchmark  Analysis  # 2 

Fire  in  a Large  Hall 

Specification  for  Part  I 

Stewart  Miles 

Fire  and  Risk  Engineering  Centre,  BRE,  UK 

Tel  +44  (0)1923  6M924 

Pbc  +44  (0)1923  664910 

R.imii-  nBlcu®bie.co.ak 

NIST,  Gmthersburg 

Benchmark  Analysis  # 2 - Specification  for  Pan  I 

2-3  May  2002 

Summary  of  Benchmark  Ex  # 2 

• To  further  the  findings  from  exercise  # 1 : 

• comparison  with  experimental  measurements 

• fire  within  a large  space 

- e.g.  representative  of  a turbine  hall 

• To  investigate  the  influence  of  modelling  assumptions  and 
approaches 

• incorporation  of  geometrical  complexities 

- non-rectangular  buildings  - compartmentation 

• Parti 

• comparison  with  measurements  form  fire  tests  in  the  VTT  test  hall 

- undertaken  as  part  of  a EU  program 

• Partn 

• ‘hypothetical’  simulations  for  a large  fire  in  a ‘real’  turbine  hall 

NIST,  Gaithersburg  Benchmark  Analysis  # 2 - Specification  for  Fart  I 2-3  May  2002 
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Schedule  of  Activities 

(Parts  I and  II) 

• February  2002 

• release  final  specification 

• February  2002  - September  2002 

• participants  to  perform  simulations 

• May  2002  (NIST  meeting) 

• present  preliminary  findings  for  Part  I 

• further  discussion  of  problem  definition  for  Part  n 

• Early  September  2002 

• final  results  sent  to  BRE  for  collation 

• October  2002  (BRE  meeting) 

• present  findings  for  Parts  I and  n 


NIST.  Gaithersburg 


Benchmaric  Analysis  # 2 - Specification  for  Part  I 2-3  May  2G02 
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Derived  Upper  Layer  Temp  & Height 

MMsurad  tamperatures  at  60  s 
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Upper  layer  height  and  temperature 
derived  from  thermocouple  readings 
at  three  locations  (trees) 
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NIST,  Gaitftersburg  Benchmark  Analysis  # 2 

- Specification  for  Pan  ! 2-3  May  2002 
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Summary  of  Tasks 


Zone 

Heat  release  rate  of  fire 
Interface  height 
Upper  layer  temperature 
InfUtration  flow  rate  (omn  i & Zj 
Mass  flow  rate  in/out  door  1 (csasS) 
Mass  flow  rate  In/out  door  2 (csm  s) 
Total  heat  loss  rate  to  solid  boundaries 
Heat  loss  through  mech.  exhaust  (case  3) 
Plume  temperature 


CFD 

Temperatures  at  thermocouple  trees 

(T1.1,...,T1.10,T2.1 TZ.10,T3.1,...,T3.10) 

Temperatures  at  plume  thermocouples 

(TQ1.1  &TG5) 

Infiltration  fbw  rate  (caaea  1 1 2) 
Mass  flow  rate  In/out  door  1 (o«s«  3) 
Mess  flow  rate  in/out  door  2 (case  3) 
Velocities  at  the  two  doorways  (casss) 

(V1.1 V1.3,V2.1....,V2.3) 

Total  heat  loss  rale  to  solid  boundaries 
Heat  loss  through  mech.  exhaust  (cats  3) 

Interface  height 

(udng  rsductlon  or  thetmocoupl*  koe  data) 

Upper  layer  temperature 
(utins  roductton  of  lhatmoaoupio  Ireo  data) 

Total  heat  release  rate 
(wlttlnwholo  hall) 


Lumped  parameter  models  to  include 
tasks  as  ^propriate 


MST,  Gaitfiersburg  Benchmark  Analysis  # 2 - Specification  for  Part  / 


2-3  May  2002 
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— .G2S 

First  Results  of  COCOSYS  and  CFX  Calculations  for 
Benchmark  Exercise  #2  part  1 
Fire  in  a large  Hall 

Gesellschaft  fur  Aniagen-  und  Reaktorsicherheit  (GRS)mbH 

International  Collaborative  Project  to  Evaluate  Fire  Models 
for  Nuclear  Power  Plant  Applications 

GaKhersburg,  May  2-3,  2002 
W.  Kleln-HeOlIng,  M.  HeHsch  (CFX  results) 


Content 

@ Nodalisation  and  used  models 
® Performed  calculations  and  variations 
® First  results  - special  aspects 
® Conclusions  - next  steps 
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COCOSYS  Nodaiisation 


.(SS 


« Side  view  ® Top  view 
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COCOSYS  Nodaiisation  (cont.) 


® 3D  view 


Fire  benchmark  §2 
COCOSYS  nodollsatlon 


® Characteristics 

- 543  nodes 

- 1475  connections 

- 421  wail  structures 
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COCOSYS  Model 


@ Pyrolysis  model 

- Use  of  user-defined  pyrolysis  rate 

- Introduction  of  a factor  for  reaction  efficiency  of  60%  above  the  pool 

- Use  of  a mixing  factor  of  2.4 

- Radiation  fraction  of  20% 

® Radiation 

- Wall-to-wail  radiation  according  specified  view  factors 

- Distribution  of  radiated  heat  (from  reaction)  according  specified  view 
factors  from  control  volumes  to  wall  nodes 


COCOSYS  Model 


(SS 


® Heat  loss  through  walls 

- 1 D-heat  conduction  model 

- Use  of  correlations  for  free  convection  / or  specified  value 

® Limitations 

- No  plume  model 

- No  momentum  balance 

- No  soot  model 


D-195 


(^ts 


CFX  grid  and  model 


® CFX  model 


- Use  of  eddy-break-up  combustion 
model 

- Use  of  Magnussen-soot  model 

- Use  of  k-e  turbulence  model 

- Use  of  radiation  model  of  CFX 


CFX  grid 

Fire  Benchmark  #2  part  1 

Crx  grid 


— (SS 

Performed  calculations  - preliminary  results 

® COCOSYS 

- 3 variatbns  for  each  case 

• full  reactbn  of  pyrolyzed  heptan  (COCfull) 

• reduce  effbiency  of  reactbn  at  surface  to  60%  {COCbase) 

• change  boundary  conditbns  {COCoptj 

- COCOSYS  heat  transfer  models 

- non-ad  iabatb  walls 

- move  part  of  infiltratbn  to  top  of  roof 

® CFX 

- variatbn  of  eddy-break-up  rate  constant  (from  23.5  to  1 9.) 


D-196 


Preliminary  results:  Casel 


>V3lCS 


® Tree  1 (lower  part) 


® Tree  1 (upper  part) 


ccx:osvs;  Fire  bencrmaiK  #2  casei 


COCOSYS:  Fire  ber>cnmark«2  easel 
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Preliminary  results:  Casel 

COCOSVS:  Fire  ftencTmark  #2  easel 

® Comparable  results  for  CFX 
and  COCOSYS  (variation 
COaultj 

@ Less  stratification  in  CFX 
according  to  meassurement 


@ Introduction  of  local 
efficiency  of  60%  leads  to 
good  temperatures 


0 S)100  1S0  2IX)2S0  300  3S0  400  450 

timers) 
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Preliminary  results:  Case1 


.Average'  temperatures  inside  plume 

No  plume  model  in  COCOSYS 

Temperatures  inside  CFX 
calculations  much  higher 


Preliminary  results:  Casel 


GSS 


9 Pliimfi  in  OOOOORYR 

Fire  Benchmark  #2  case  1 
COCOSYS  calculation 


® Plume  in  CFX 


Fire  Benchmark  #2  part  1 

CrX  calculation  eeatel 
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Preliminary  results:  Case1 


(SSS 


@ Interface  height 


® Upper  layer  temperature 


COCOSYS:  Fire  benchmark #2  easel 


ttrattf) 


First  results:  Case  2 


® lower  part  of  tree  1 


@ upper  part  of  tree  1 


•MtCB) 
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First  results:  Case  2 (cent.) 


® lower  part  of  tree  2 


upper  part  of  tree  2 


COCOSrS:  FireoenchmarKiK  caK2 


COCOSVS:  Ftre  fienctvnsrk  #2  ca^ 


First  results:  Case  2 (cont.) 


® lower  part  of  tree  3 


® upper  part  of  tree  3 


COCOSYS  Fire  b9ncnmark#2  case2 


COCOSVS:  Fire  benchmartr  02  case2 


•netta) 
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First  results:  Case  2 (cont.) 

® Plume  temperatures  ® Heat  loss  to  wall  structures 


COCOSva  Fire  Benchmark  #2  case2 


COCOSVS:  Fire  Benchmark#:  case: 


First  results:  Case  2 (cont.) 


COCOSYS  Fire  benchmark  #2  ca5e2 


e COCiipU^AkV^UI 

• COCdpU^EAKBJI 
e COCfi|3U.EAM^01 
d COCopU-EAKEOl 

* COCopU-EAKTI 
COCbttsejXikKMUl 

> COCbMeJ.EAKaj1 
tr.  C0Cfa8seJ.EAKMDl 
S'  COOweJJAiCOl 
COCfuBJfAMftAJI 
. COCtU8J£AIGI1 
COCniliJ£AMND1 
- cocmajJAtgoi 
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First  results:  Case  2 (cent.) 


® Height  of  interface  layer 


© Upper  layer  temperature 


COCOSYS:  Fhi  benchmark  #3  ca5e2 


First  results:  Case  3 


® lower  part  of  tree  1 


® upper  part  of  tree  1 


COCOSVS;  Fire  bercnmark  #2  case3 


COCOSVS:  F«  DenchmafK#2  cases 
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First  results:  Case  3 (cent.) 


@ lower  part  of  tree  2 


® upper  part  of  tree  2 


COCOSYS  Fra  bancmnirk  #2  raws 


COCOETYB:  Fire  denchmaiV#?  cases 


First  results:  Case  3 (cent.) 
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First  results:  Case  3 (cont.) 

e Plume  temperature 


Injected/burned  heptan  mass 
(about  70%  is  burned) 


C0C03Y5.  Fire  bencrvnarv  02  cases 


First  results:  Case  3 (cont.) 


® Height  of  interface  layer  ® Upper  layer  temperature 


COCOSYS:  Fire  bencnrarki^  CMes 


COCOSYS:  Fte  tiencm9rK«2  cases 
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Comparison  between  the  cases 

® Heat  release  ® Temperature  (Tree  1 top  position) 


COCOSYS:  Flretienclim3rt(#2 


COCOSYS;  Fite  uenchmail!® 


Comparison  between  the  cases  (cont.) 

® Preliminary  CFX  results  and  COCOSYS  results  with  complete  reaction 
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Conclusions  - next  steps 

® COCOSYS 

- Tern  perature  results 

• good  results  after  introducing  reactions  efficiency  of  60%  above  the 
pool 

• to  strong  stratification  in  the  hot  gas  layer 

• no  plume  model  (->  temperature  behavior  TG1 , TG2) 

- Additional  experimental  data  available? 

- Temperature  decrease  (to  check  heat  loss) 

- Concentration  measurements 


— — .CSS 

Conclusions  - next  steps  (cont.) 

® COCOSYS  (cont.) 

- Infiltration  position/heat  loss  to  walls 

• only  small  effects  on  the  results 

• care  have  to  be  taken  for  the  definition  of  boundary  conditions 
(environment  pressure) 

® CFX 

- too  high  temperatures  (similar  to  COCOSYS  results  with  full  reaction) 

->  variation  of  eddy-break-up  rate  constant 

- hot  gas  layer  temperature  homogeneous  mixed  (as  measured) 

- still  some  problems  with  boundary  conditions 


D-207 


Gigs 

Conclusions  - next  steps  (cont.) 

® Next  steps 

- Continue  with  CFX  calculations 

- Use  of  detailed  oil  burning  model  In  COCOSYS 

• some  more  initial  data  is  necessary  (oil  + water  mass,  geometry) 

- Additional  tests  against  other  experiments 
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The  Uiiiversic)'  of 
Science  and  Technology; 

And  Life. . 


Jonathan  Barnett 
Center  For  Fi  resafety 
Studies 

Worcester,  MA  01609 


o FP571  performance  based  design. 

o Nine  students  divided  into  three 
groups. 

o Students  are  typicaiiy  2"^  semester 
post  graduate  students  with 
undergraduate  degrees  in 
mechanical  or  civil  engineering. 


■.  hi’  Knnvrs'iryor 
SwEiii'c  and 
And  L«4:. 
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student  Subject  Background 

o Fire  dynamics  (Drysdaie's  text). 

o Building  analysis  (primarily  code 
analysis  with  an  introduction  to 
performance  issues). 

o Fire  suppression  systems. 


Tiif  i.'nivcrvifT^  of' 
SciuVi’  soj  .lfciiin«io£T 

Anil  Lit*:.'’ 


Work  Experience 


o Typically  one  year  working  for  a fire 
protection  consultancy.  Some 
students  had  no  experience,  one 
had  over  five  dealing  with  shipboard 
fi  resafety 


\ of 

aiid  itciiiKUcty 
Afid  LlTi:."’ 
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Computer  Experience 

o Minimal  exposure  typical  for  an 
engineering  undergraduate 

o Limited  exposure  to  the  use  and 
concept  behind  zone  modeis 

o Some  students  had  knowiedge  of 
CAD,  all  had  basic  windows  skilis 


Assignment 


o Compiete  part  I of  benchmark 
exercise  # 2 "fire  in  a large  hall. " 

o Duration:  4 weeks  (finai  week  for 
report  writing) 

o Toois: 

• Jasmine 
. FDS 

• CFAST 


\ 'nm’rMry  (jf 

Olid  Jt’chiKilo^v 
Ar.il  Lifc.^ 


mwpi 
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Common  Issues  - CFD 


o Tedium  in  setting  up  geometry 


Common  Issues  - CFD 



o Grid 

• Difficulty  in  matching  mesh  to  the 
sloped  ceiling,  often  resulted  in 
very  fine  grid  just  to  match 
geometry,  not  needed  from  a 
modeling  perspective 

• Minor  but  annoying;  modeling 
circular  fire  with 

square/rectangular  grid,  matching 
grid  points  witn  thermocouple 
locations. 


Thi-  i 'iim’fsirvor 
SiUuni’C  aiid 
And  Ltfs. 
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Common  Issues  - CFD 

o Long  computation  times,  especiaily 
with  JASMINE 


o Lack  of  time  to  evaiuate  sensitivity  to 
grid  - makes  resuits  questionabie 

o Interpretation  of  results  - as  there 
was  no  hot  layer,  how  do  you  report 
a hot  layer  temperature?  Even  when 
there  is  a hot  layer,  how  do  you 
determine  its  location? 
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Jasmine  - The  Fire 

o Equivalent  area, 
o Default  values  for  Heptane. 

o Modified  Ultra-fast  t-squared  fire, 
then 

o Steady  state,  finally 
o Jasmine  default  for  decay  phase. 


Tbc  l^ni''cr'0£v  of 
Scifr.nOr  rfc-i:hnoio|'y 
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Heal  leicasc  rale  1548.8  kW 


‘rhr  ^.'nivcrwfv  of 

riUxi  Irtiinotccy 

Anil  Litl.'*'' 
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Major  Assumptions 

o Material 
o Fire 

o Geometry 
o Radiation 
o Turbulence 


llir 

Science  iud  JtfdiiioxoK}' 


Ar.il  Ltfi:.  * 


D-216 


Part  1 -Expected  Model 
Output 

o Temperatures  at  3 Thermocouple 
trees 


o Temperature  at  2 Plume 
Thermocouples 

o Infiltration  flow  rate 


o Interface  Height  (reduction  of 
thermocoupie  data) 


I of 

Scisni'c  utld  Itriinolc-KV 
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o Upper  Layer  Temperature 

o Total  Heat  Release  Rate  (within 
whole  hall) 


’fbr  <ynivGrp»v  of 

iiuJ  Itchnoiop^ 
Anil  Litt.”' 
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’Hir  i.Hrin'crpfy 
Sciftncr  -Uthnoioi-y 


.‘Vid  Litt.  *' 
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Conciysion  (JASMINE)  - 

According  to  the  Students 

o Results  appear  reasonable 
(assumptions) 

o Fire  Modeling  can  be  dangerous 


IWK 


CFAST 


o Geometry 
o The  Fire 

o Interpretation  of  results 
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CFAST  ■ Geometry 

o Conserving  the  volume  of  the 
sloped  ceiling, 

o Conserving  the  surface  area  of  the 
sloped  ceiling. 

o No  significant  difference  in  results: 

• Use  rectangular  parallelogram  with 
15.8  m celling  height  (vs  actual  peak 
height  of  19  m) 


Three  Cases 


o Case  1 uses  a pool  fire  of  radius 
1.17  meters,  assumes  the  doors  are 
closed,  assumes  no  mechanical 
exhaust,  and  uses  natural  room 
leakage  in  the  form  of  four  small 
vents. 


Scicni’t:  aiid 
Avid  LiJ'l*.  ^ 
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o Case  2 assumes  a pool  fire  of  radius 
1.6  meters,  doors  closed,  no 
mechanical  exhaust,  and  natural 
leakage. 

o Case  3 assumes  a pool  fire  of  radius 
1.6  meters,  doors  open  (0.8  m x 4 
m),  mechanical  exhaust  on,  and  no 
natural  leakage. 


o Couldn't  model  mechanical 
exhaust.. .used  natural  exhaust 
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HRR  for  Each  Case 
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Tlic  t’'nivcTOfv  of 
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Case  1 
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Upper  Layer  Temperature 
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o Results  only  as  good  as  zone  model 
approximation 

o Thermocoupie  predictions  limited  to 
iayer  temperatures 


o Simiiar  issues  to  JASMINE 


i '•iimT'i’ify  <?r 
ivcieni'C  aild 
And  Lifv:.  ” 
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Overall  

na^tmisaisseaBBss!  i m min^in  tymmwsi*^ASim»amii'^e 

o All  models  created  problems  for 
users 

o Users  highly  frustrated  with 
software 

o CFAST  easiest  to  use,  and  therefore 
sensitivity  studies  conducted 


ihf  ltnivrr\T?v  of 
Sciv-nt^T  -iCK^ 

Anti  Uk."' 
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The  University  of 
Science  and  Technology. 

And  Lifc.n 


Misusing 

(Using) 

Fire  Modeis 


Jonathan  Barnett 

Center  For  Firesafety 
Studies 

Worcester,  MA  01609 


The  Setting 


o FP571  performance  based  design. 

o Nine  students  divided  into  three 
groups. 

o Students  are  typically  2"^  semester 
post  graduate  students  with 
undergraduate  degrees  in 
mechanical  or  civil  engineering. 


The  I 
Aii'^  I-it’e. 


mwpi 
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Student  Subject  Background 

o Fire  dynamics  (Drysdale's  text). 

o Buiiding  anaiysis  (primarily  code 
analysis  with  an  introduction  to 
performance  issues). 

o Fire  suppression  systems. 


'Ihv  i.  nivfrw'j' of 

iiiid  'I'rtniKiSytiV 

Aid  i.ilt.'- 
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Work  Experience 


o Typically  one  year  working  for  a fire 
protection  consultancy.  Some 
students  had  no  experience,  one 
had  over  five  dealing  with  shipboard 
fi  resafety 


Tht  Cl! 

ciiui  Tct;bnol«!;>;v 
Anil  Lik'.  ' 


^WPI 
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Computer  Experience 


o Minimal  exposure  typical  for  an 
engineering  undergraduate 

o Limited  exposure  to  the  use  and 
concept  behind  zone  models 

o Some  students  had  knowledge  of 
CAD,  all  had  basic  windows  skills 


i ni'  V vi 

iHiLt  .iJid  'Uv 
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Assignment 


o Complete  part  I of  benchmark 
exercise  # 2 "fire  in  a iarge  haii. " 

o Duration:  4 weeks  (final  week  for 
report  writing) 

o Tools: 

• Jasmine 
. FDS 
. CFAST 


Trii.  iiivcJiit)'  <■! 
jliii-iit;-  ,<IlJ  ‘IfcillioUfp' 
\r:a  ' 
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Common  Issues  - CFD 


o Tedium  in  setting  up  geometry 


1 iu'  L4iiv'.’r»i!v  n! 

S.  iisscs:  -iiui  'Icc.iliologJ 
Asui  i ir’c. 
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Common  Issues  - CFD 


o Grid 

• Difficuity  in  matching  mesh  to  the 
sioped  ceiiing,  often  resulted  in 
vetV  fine  grid  just  to  match 
geometry,  not  needed  from  a 
modeling  perspective 

• Minor  but  annoying:  modeling 
circular  fire  with 

square/rectangular  grid,  matching 
grid  points  with  thermocouple 
locations. 


Thf  lit 

uiid 
AjuI  LiiV.  ' 
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Common  Issues  - CFD 


o Long  computation  times,  especiaiiy 
with  JASMINE 

o Lack  of  time  to  evaluate  sensitivity  to 
grid  - makes  results  questionable 

o Interpretation  of  results  - as  there 
was  no  hot  layer,  how  do  you  report 
a hot  layer  temperature?  Even  when 
there  is  a hot  layer,  how  do  you 
determine  its  location? 


Issues  With  CFAST 


o Modeling  sloped  roof 
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Jasmine  - The  Fire 


o Equivalent  area, 
o Default  values  for  Heptane. 

o Modified  Ultra-fast  t-squared  fire, 
then 

o Steady  state,  finally 
o Jasmine  default  for  decay  phase. 
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JOSEFINE:  Fire  Specification 


File  Tooli  , Help  , ' 


Maximum  Width  (X) 
Maximum  Length  (Y) 


5i3756531f 


Ji375653tt 


I Variable  Area 


Heat  Release  Rate/Fire  Area  kW/sq  m 


tleat  release  rate  1548.B  kW 


i :u*  ; Jiivi-vsity  or 

Andlik. 
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Major  Assumptions 


o Material 
o Fire 

o Geometry 
o Radiation 
o Turbulence 


'tht  Univt-r^iv  tjf 

*iiKi  Tl^v-briC»iu^’^ 
A'sul  Lilt. 
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Running  the  Simulation 

o 400  secs/80  hours 
o Data  saved  every  40  secs 
o Reached  decay  phase 


Part  1 -Expected  Model 
Output 

o Temperatures  at  3 Thermocouple 
trees 

o Temperature  at  2 Plume 
Thermocouples 

o Infiltration  flow  rate 

o Interface  Height  (reduction  of 
thermocouple  data) 
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Part  1 -Expected  Model 
Output 


o Upper  Layer  Temperature 

o Total  Heat  Release  Rate  (within 
whole  hall) 


®WPI 


T’iif:-  L-nrvi'rsi?v  uf 
And  1 


Height  v.  Temperature  @ 120  s 


E 


0 


SO 


Tampvratur*  (C) 
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Height  v.  Temperature  @ 360  s 
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Time  v.  Temp  Above  Fire 


0 40  60  120  160  200  240  280  320  360  400 


Svit'acc-  jmi  TfciiinokK 
Aad  Llfv^ '' 


Sample  Profile 


too  ijm  too  tto  oj»  440  4m  4M  oao  s«o  tm  » ta 


I'ht  * IlivirfJiJtV  05 

c jsrui  TVtiuiokvjiy 
Aacl  Lift. 
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Interface  Height  v.  Time 
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Conclusion  (JASMINE)  - 
According  to  the  Students 

o Results  appear  reasonable 
(assumptions) 

o Fire  Modeiing  can  be  dangerous 


'i'iii-  I nivf  fvhy  oi 
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CFAST 


o Geometry 
o The  Fire 

o Interpretation  of  results 


Tilt  ^iuvcrr;i5y  oi 
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CFAST  - Geometry 


o Conserving  the  volume  of  the 
sloped  ceiling, 

o Conserving  the  surface  area  of  the 
sloped  ceiling. 

o No  significant  difference  in  results: 

• Use  rectangular  parallelogram  with 
15.8  m ceiling  height  (vs  actual  peak 
height  of  19  m) 


Three  Cases 


o Case  1 uses  a pool  fire  of  radius 
1.17  meters,  assumes  the  doors  are 
closed,  assumes  no  mechanical 
exhaust,  and  uses  natural  room 
leakage  in  the  form  of  four  small 
vents. 


D-243 
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Three  Cases 


o Case  2 assumes  a pool  fire  of  radius 
1.6  meters,  doors  closed,  no 
mechanical  exhaust,  and  natural 
leakage. 

o Case  3 assumes  a pool  fire  of  radius 
1.6  meters,  doors  open  (0.8  m x 4 
m),  mechanical  exhaust  on,  and  no 
natural  leakage. 


Problem 


o Couldn't  model  mechanical 
exhaust. .used  natural  exhaust 


D-244 
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CFAST  - Summary 


o Results  only  as  good  as  zone  model 
approximation 

o Thermocoupie  predictions  limited  to 
layer  temperatures 


Thi 

And 
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FDS  Results 


o Similar  issues  to  JASMINE 


Thr  UntvtM-ii;v 

<-nu  ‘iiv^in-yhjgv 
Atul 
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Overall 


o All  models  created  problems  for 
users 

o Users  highly  frustrated  with 
software 

o CFAST  easiest  to  use,  and  therefore 
sensitivity  studies  conducted 


WWPI 
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Analysis  of  Benchmark  Exercise  Two: 

An  Examination  of  Large  Turbine  Hall  Fires  with  the 
CFAST  Fire  Modeling  Code 


A.  R.  Martin  and  D.  A.  Coutts 

amber.martin  @ wxsiiis.com 
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Westinghouse  Safety  Management  Solutions 


o 
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SRS  Perspective 


SRS  has  an  obligation  to  fulfill  DOE  expectations 

'>■  DOE  Fire  Safety  Program 

. . the  use  of  such  models  is  predicated  on  their 
being  conservative  and  validated.” 

Defense  Nuclear  Facilities  Safety  Board 

“Given  the  prominent  role  played  by  computer  codes  in  ensuring 
the  safe  operation  of  DOE  facilities,  it  is  imperative  that  a thorough 
and  effective  approach  to  guaranteeing  their  quality  be 
implemented.”  [TECH-25] 


Westinghouse  Safety  Management  Solutions 
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SRS  Focus 


Demonstrate  code  capabilities 

> Understand  code  limitations 

> Establish  sample  problems 

> Ensure  consistent  analytical  approach 

> Document  V & V efforts 


Westinghouse  Safety  Management  Solutions 
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Turbine  Hall  Geometry 
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Summary  of  Cases 


Pyrolysis  Rates  for  Part  1 


Case  1 Case  2 Case  3 


t 

(min) 

dm/dt 

(kg/s) 

t 

(min) 

dm/dt 

(kg/s) 

t 

(min) 

dm/dt 

(kg/s) 

0.0 

0.0 

0.0 

0.0 

0.0 

0.0 

0.22 

0.033 

0.23 

0.057 

0.22 

0.064 

1.5 

0.045 

0.5 

0.067 

1.05 

0.084 

4.8 

0.049 

1.52 

0.081 

2.77 

0.095 

5.45 

0.047 

3.22 

0.086 

All 

0.096 

6.82 

0.036 

A.l 

0.083 

A.%1 

0.091 

7.3 

0.0 

5.67 

0.072 

5.5 

0.07 

6.2 

0.06 

5.75 

0.0 

6.58 

0.0 

Ventilation  Conditions  for  Part  1 


Case  1 Case  2 


Case  3 


doors  closed 
no  mech.  exhaust 
natural  leakage 


doors  closed 
no  mech.  exhaust 
natural  leakage 


doors  opwn  (0.8  m x 4m) 
mech.  exhaust  (11  mVs) 
ignore  natural  leakage 
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Washington 


InHltration  Flow  Rate  (Cases  I & 11) 


Westinghouse  Safety  Management  Solutions 
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Door  Flow  Rate  (Case  III) 


Westinghouse  Safety  Management  Solutions 
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0 


Washington 


Mechanical  Exhaust  Flow  Rate  (Case  III) 


time  (seconds) 


Westinghouse  Safety  Management  Solutions 
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Conclusions 


» Demonstrate  code  capabilities 
Understand  code  limitations 
Establish  sample  problems 
Ensure  consistent  analytical  approach 
> Document  V & V efforts 


Westinghouse  Safety  Management  Solutions 
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HADCRT  Results  for  Benchmark  Exercise  #2 

May  3, 2002 

Presented  to  the: 

International  Collaborative  Project  to  Evaluate  Fire  Models 
for  Nuclear  Power  Plant  Applications 

Presented  by: 

Boro  Mabnovic  and  Martin  G.  Plys 
Fauske  and  Associates,  Inc. 

16W070  West  83rd  Street 
Burr  Ridge,  IL  60521 


Background 

• Nuclear  fuel  cycle  facility  source  term  analysis 
code,  HADCRT  (Hanford  Double  Contained 
Receiver  Tanks). 

• Logical  to  extend  HADCRT  explosion  & 
accident  capability  by  adding  fire  models  to  the 
validated  baseline  code. 


May  3, 2001  Fauske  and  Associates,  Inc.  5th  2 

Meeting  at  NIST 
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Background 

• Generic  features: 

- Arbitrary  topology 

- Arbitrary  specification  of  chemical  species  & properties 

- Fog  formation  (vapor/aerosol  equilibrium) 

- Density-driven  counter-current  gas  flows  between 
compartments 

- Aerosol  agglomeration,  settling,  transport,  & source  models 

- Radiation  networks 

- Multi-dimensional  heat  conduction 

May  3,  2001  Fauske  and  Associates,  Inc.  5th  3 

Meeting  at  NIST 


Background 

• Fire  features  include: 

- Stratified  layer  composition  and  thickness  per 
compartment 

- Pilot  fire  definitions  (burn  rates,  yields,  etc.) 

- Plume  model 


May  3,  2001 


Fauske  and  Associates,  Inc.  Sth 
Meeting  at  NIST 


4 


D-258 


HADCRT  Fire  Model  Features 


Receiver  #1  Source  Room  Receiver  #2 

Smoky  Layer  Smoky  Layer  Smoky  Layer 


MPg9045aCDR  3-19-2001 


May  3,  2001  Fauske  and  Associates,  Inc.  Sth  5 

Meeting  at  NIST 


HADCRT  Model  for  Benchmark  Exercise  #2 

• Two  regions:  hall  and  the  environment 

- Hall:  5891  378  floor  area,  1800  wall  HX  area, 

parallelepiped,  22  C,  101350  Pa 

- Environment:  20  C,  101350  Pa 

• Seven  Heat  Sinks 

- Floor  1 ft  thick  concrete;  adiabatic  on  the  outside 

- Sheet  metal  is  neglected 

- Walls  and  ceiling  are  5 cm  mineral  wool 

- One  HS  for  floor,  six  for  walls 

- WaU  HS  model  the  wall  as  six  panels 

- Material  properties  from  Table  1 of  the  problem  specification 

May  3,  2001  Fauske  and  Associates,  Inc.  Sth  6 

Meeting  at  NIST 


D-259 


3 


HADCRT  Model  for  Benchmark  Exercise  #2 

• Junctions:  depends  on  the  case 

- Case  1:  Four  junctions,  as  shown  in  Table  2 of  the  problem 
specification,  but  only  coordinate  matters 

- Case  2:  Same  as  Case  1 

- Case  3:  Two  doors,  one  top  junction  has  11  m^/s  forced  flow 

• Code  inputs  for  fires:  region,  area,  bum  flux,  fuel 
properties,  start  time,  fuel  mass,  yields  for  CO,  C02, 
CH,  soot,  H20;  limit  of  five  fires 

• Use  handbook  values  for  heptane;  e.g.,  44.6  MJ/kg 
•Asa  first  cut,  skip  radiation;  fire  is  100%  convective 

May  3,  2001  Fauske  and  Associates,  Inc.  5th  7 

Meeting  at  NIST 


Case  1 Gas  Temperatures 


♦ 

T2.1 

T2.4 

X 

T2.5 

• 

T2.6 

- 

T2.7 

- 

T2.8 

T2.9 

♦ 

T2.10 

- Non-Smoky 

■ Smoky 

Time,  seconds 


May  3, 2001  Fauske  and  Associates,  Inc.  5th  8 

Meeting  at  NIST 
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Case  1 Flowrates 

I — Bottom  #1  — -Top#1  —Bottom  *2  ---  -Top  *2  | 


May  3,  2001  Fauske  and  Associates,  Inc.  5th  10 

Meeting  at  NIST 
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Case  1 Heat  Losses  to  Floor/Walls 


May  3, 2001  Fauske  and  Associates,  Inc.  5th  11 

Meeting  at  NIST 


Case  2 Gas  Temperatures 


♦ 

T2.1 

T2.4 

z 

T2.5 

• 

T2.6 

- 

T2.7 

- 

T2.8 

T2.9 

♦ 

T2.10 

- Non-Smoky 

Smoky 

May  3. 2001 


Fauske  and  Associates,  Inc.  5th 
Meeting  at  NIST 
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Case  2 Flowrates 


Bottom  #1  — -Top#1  Bottom  #2  ~Top#2  | 


May  3,  2001  Fauske  and  Associates,  Inc.  Sth  14 

Meeting  at  NIST 
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Case  2 Heat  Losses  to  Floor/Walls 


Time,  seconds 


May  3,2001  Fauske  and  Associates,  Inc.  Sth  IS 

Meeting  at  NIST 


140 


Case  3 Gas  Temperatures 


0 60  120  180  240  300  360  420  480  540  600 

Time,  seconds 


May  3,  2001 


Fauske  and  Associates,  Inc.  Sth 
Meeting  at  NIST 


12.1 

12.4 

X 

TZJS 

• 

72.6 

- 

T2.7 

• 

T2.8 

- 

T2.9 

♦ 

72.10 

- Non-Smoky 

—Smoky 
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Case  3 Interface  Height 

Smoky  Layer ♦ Interface  Ht.  #1 ^ Interface  Ht.  #2 


May  3, 2001 


Fauske  and  Associates,  Inc.  5th 
Meeting  at  NIST 
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Case  3 Heat  Losses  to  Floor/Walis 


Time,  seconds 


May  3,  2001  Fauske  and  Associates,  Inc.  5th  19 

Meeting  at  NIST 


Results  Summary 

• Non-smoky  layer  temperatures  are  low 

- Radiation  neglected 

- Problem  specification  for  junctions  creates  a chimney  effect 
that  brings  cold  air  into  the  non-smoky  layer 

• Junction  specification  creates  no  pressure  differential 
between  the  hall  and  the  environment 

• Parametric  studies  for  leakage  areas  and  infiltration 
are  desirable 

• Smoky  layer  temperatures  are  in  good  agreement 

- need  to  include  the  80/20  split  between  convection  and 
radiation  and  consider  absorptivity 

May  3, 2001  Fauske  and  Associates,  Inc.  5th  20 

Meeting  at  NIST 
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Future  Work 


• Parametric  studies  of  leakage  and  infiltration 

• Radiative  aspects  of  the  problem;  set  up  radiation 
networks  to  better  model  gas  and  heat  sink 
temperatures  in  the  non-smoky  layer,  and  target 
temperatures 

• Smoky  layer  absorptivity 

• Report  plume  temperatures 

• Volume  vs.  height  relationships  for  regions 

May  3,  2001  Faiiske  and  Associates,  Inc.  Sth  21 

Meeting  at  NIST 
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, Test  1,  Tree  1,  Lower  5 TCs  Uop),  Upper  5 (bottom) 


TIME  (s) 


Test  1,  Tree  2,  IvOwer  5 TGs  (top).  Upper  5 (lower) 
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Test  1 
Plume  TCs 


TIME  (s) 


Test  2 
Plume  TCs 


TIME  (s) 
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TEMPERATURE  (F)  i TEMPERATURE  (F) 
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#1 


Benchmark  Analysis  # 2 

Fire  in  a Large  Hall 

Preliminary  CFAST  and  JASMINE  Simulations  for  Part  I 


NIST,  Giiithersburg 


Stewart  Miles 

Fire  and  Risk  Engineering  Centre,  BRE,  UK 

Tel  t44  (0)1923  664924 
Fax;  444  (0)1923  664910 
E-nsdl  maeaa@bie.ca.ak 


Benchmark  Analysis  # 2 - Preliminary  Simulations  for  Part  I 2-3  May  2002 


#2 


Summary  of  Simulations 

Cases  1,  2 and  3 investigated 

CFAST/FAST  version  3.1.6 

• predictions  of  upper  layer  temperature  and  layer  height 

• investigation  into  implementation  of  geometry  (complex  roof) 

• investigation  into  boundary  (conduction)  heat  losses 

• investigation  into  restricted  ventilation  openings  (cases  1 & 2) 

JASMINE  (CFD)  version  3.2.1 

• comparison  with  temperature  profiles  at  thermocouple  trees  1,2  & 3 

• investigation  into  boundary  (conduction)  heat  losses 

• investigation  into  restricted  ventilation  openings  (cases  1 & 2) 

• grid  refinement  study 


NIST,  Gaithersburg 


Benchmark  Analysis  # 2 - Preliminary  Simulations  for  Part  / 


2-3  May  2002 
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#3 

CFAST  Simulations  - Cases  1&2 

• Baseline  simulations  (following  problem  specification) 

• 2 horizontal  flow  vents  (1 .414  x 0.707  m)  at  floor  level  and  12  m 

• ‘equivalent  flat  ceiling’  height  = 15.84  m 

• heptane  fire  source 

- AH^.=44.6xl0®  J kg"^  - pyrolysis  rate  as  specified 

- radiative  fraction  = 0.2  - hydrogen  to  carbon  ratio  = 0.19 

• two-layer  solid  material  at  walls  and  ceiling  (steel  and  mineral  wool) 

• Variant  simulations 

• steel  only  and  mineral  wool  only  solid  material  at  walls  and  ceiling 

• adiabatic  boundaries 

• single  horizontal  flow  vent  (8  x 4 m)  at  floor  level  (e.g.  two  4 x 4 m doors) 

• 2 horizontal  flow  vents  (0.2  x 0.1  m)  at  floor  level  and  12  m 

• ‘equivalent  flat  ceiling’  height  = 13  m and  18  m 

• upper  vent  at  6 m and  14  m 


NIST,  Gaithersburg 


Benchmark  Analysis  # 2 - Prelimimry  Simulations  for  Parti  2-3  May  2002 


#4 

CFAST  Simulations  - Case  3 

• Baseline  simulations  (following  problem  specification) 

• 1 horizontal  flow  vent  (1 .6  x 4 m)  at  floor  level  (two  0.8  x 4 m openings) 

• ‘equivalent  flat  ceiling’  height  = 15.84  m 

• heptane  fire  source 

- AHj=44.6xlO®  Jkg*^  - pyrolysis  rate  as  specified 

- radiative  fraction  = 0.2  - hydrogen  to  carbon  ratio  = 0.19 

• two-layer  solid  material  at  walls  and  ceiling  (steel  and  mineral  wool) 

• 1 1 m^  s*^  extraction  flow  rate  through  HVAC  vent  at  10  m height 

• Variant  simulations 

• ‘equivalent  flat  ceding’  height  = 13  m and  18  m 

• HVAC  vent  at  8 m height 


NIST,  Gaithersburg  Benchmark  Analysis  It  2-  Preliminary  Simulations  for  Part  I 2-3  May  2002 
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CFAST  Analysis  - Case  1 


#5 


CFAST:  Part  I • ease  1 


i 

— ortginai 
=melalonly 
wool  only 
— noconducfion 
' " •4mx4rn<loor 
“ -o.lmxo.lm  vents 


Findings: 

upper  layer  temperature  sensitive  to 
conduction  heat  loss  mechanism 
(but  only  after  2 minutes) 

upper  layer  temperature  not 
sensitive  to  size  of  ‘restricted 
ventilation  openings’. 


layer  height  not  sensitive  to 
conduction  heat  loss  mechanism 

layer  height  sensitive  to  size  of 
‘restricted  ventilation  openings’  (but 
only  after  4 minutes) 


NIST.  Gaithersburg 
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CFAST:  Part  I 'Case  1 


A Bfit 
oligtna] 

Mi— 13m  comp  height 
-MV— ...  lem  comp  height 
. . . .ifipervents  atem 
..  M . . i^er  vents  at  14m 


CFAST:  Part  I • cue  1 


Bgit 

-original 

- 13m  comp  hei^ 
18m  comp  hel^ 
•i^ipervBntsatem 
■'i^iper  vents  at  14m 


Findings: 

location  (height)  of  upper  ‘restricted 
ventilation  openings’  not  significant 

upper  layer  temperature  sensitive  to 
height  of  ‘equivalent  flat  ceiling’ 

layer  height  sensitive  to  height  of 
‘equivalent  flat  ceiling’  only  for  first 
60  seconds 


NIST,  Gaithersburg  Benchmark  Analysis  # 2 - Preliminary  Simulations  for  Part  I 2-3  May  2002 


D-277 


3 


BRE 


#7 

CFAST  Analysis  - Case  1 


CFAST;  Part  I - case  1 


-original 

>=401 X rim  door 

"0.1m  X 0.1m  vents 


significant  over-pressure  with  the 
very  small  openings 

pressure  ~ ambient  for  other  opening 
sizes 


NIST,  Gmthersburg 
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CFAST  Analysis  - Case  2 
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CFAST:  Part  I • ease  2 


Findings: 

upper  layer  temperature  not 
sensitive  to  size  of  ‘restricted 
ventilation  openings’ 

layer  height  sensitive  to  size  of 
‘restricted  ventilation  openings’  (but 
only  after  3 minutes) 


NIST,  Gaithersburg 


Bencfmtark  Analysis  # 2 - Preliminary  Simulations  for  Part  I 2-3  May  2002 
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CFAST  Analysis  - Case  2 


#9 


Findings: 


upper  layer  temperature  sensitive  to 
height  of  ‘equivalent  flat  ceiling’ 

layer  height  sensitive  to  height  of 
‘equivalent  flat  ceiling’  only  for  first 
60  seconds 


NIST,  Gaithersburg  Beitchnwrk  Analysis  # 2 - Preiimimry  Simulations  for  Part  I 2-3  May  2002 


BRE 


CFAST  Analysis  - Case  3 


#10 


Findings: 

location  (height)  of  HVAC  vent  not 
significant  (within  range 
investigated) 

upper  layer  temperature  sensitive  to 
height  of  ‘equivalent  flat  ceiling’ 


layer  height  sensitive  to  height  of 
‘equivalent  flat  ceiling’  only  for  first 
60  seconds 


NIST,  Gaithersburg 


2-3  May  2002 


Benchmark  Analysis  #2-  Preliminary  Simulations  for  Part  / 


BRE 


#11 

CFAST  Analysis  - Case  3 


CFAST:  Part  I • erae  3 


NIST,  Gaitkersburg 


Benchmark  Analysts  # 2 - Prelimimry  Sinmlatiom  for  Parti  2-3  May  2002 


BRE 


NIST,  Gaithersburg 


Benchmark  Analysis  02-  PreUminary  Simuianons  for  Parti 


2-3  May  2002 


#12 

JASMINE  Simulations  - Cases  1&2 


RANS  with  standard  K-e  turbulence  model  Numerical  time-step  = Is 

Eddy  break-up  combustion  model  with  heptane  (AH^sO.S  x 44.6x10*  J kg-‘) 

Six-flux  radiation  model  (&  Ttuelove’s  emissive  power  model) 

Convection  (hj=10  J s-‘  nr^  K-‘)  and  radiation  heat  losses  to  solid  boundaries 

Semi-infinite  approximation  for  conduction  at  boundaries  (time-dependent  conduction  depth)  - steel  ignored 

Ventilation  options  investigated: 

0.5  squares 
0.072  X 6.9  m slots 
slightly  porous  east  & west  walls 

Boundary  heat  losses  investigated: 
conductivity  modified 
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NIST.  Gaithersbwg  Benchmark  Analysis  # 2 - Prelimimry  Similtniom  for  Part  I 2-3  May  2002 


#13 

JASMINE  Simulations  - Case  3 

RANS  with  staid^d  K-e  tuibulence  model  Numerical  time-step  = Is 

Eddy  break-up  combustion  model  with  heptane  (AH=0.8  x 44.6x10®  J kg  ’) 

Six-flux  radiation  model  (&  Ttuelove’s  emissive  power  model) 

Convection  (h^-lO  J s-’  m-^  K-’)  and  radiation  heat  losses  to  solid  boundaries 

Semi-infinite  ^proximation  for  conduction  at  boundaries  (time-dependent  conduction  depth)  - steel  ignored 


Boundai7  heat  losses  investigated: 

conductivity  modified 

Mesh  refinement  investigated 


(C) 


#14 

JASMINE  Temperatures  for  Case  1 


NIST,  Gaithersburg  Benchmark  Analysis  # 2 - Preliminary  Sirmlahons  for  Parti  2-3  May  2002 
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NIST.  Gaithersburg  Benchmark  Analysis  ^ 2 - Preliminary  Simulations  for  Part  I 2-3  May  2002 


#16 


CFD  Mesh  Refinement 

Predictions  of  temperature  for  case  3 at  60s 


WSr,  Gaithersburg  Benchmark  Aimlysis  #2-  Preliminary  Simulations  for  Part  / 2-3  May  2002 


- 1 100  000  dements 
(x2  in  each  direction) 


~ 136  500  elements 
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JASMINE  Analysis  - Case  1 


JASMINE:  Pmi -Trae  2 (t  120s 


10  20  ao  40  60  eo  » 80  90  ICO  110  ta) 
Ttn^ratun  rto* 


#17 


.original 
porous  walls 
lot  op«iing5 


Smoke  layer  temperature  sensitive  to  conduction  heat  loss  mechanism  (but  layer  height  is  less  so) 

Narrow  slot  openings  give  same  results  as  square  openings 
Porous  walls  ‘restricted  ventilation’  reduces  stratification 

NIST,  Gmtfiersburg  Benchmark  Analysis  ft  2 - Prelimnary  Simdadom  for  Part  I 2-3  May  20G2 


#18 


JASMINE  Analysis  - Case  1 


JASMINE:  Pirt  I • Trae  3 at  240s 


JASMINE:  Part  I - Ftv  pkims  at  2408 


Tanpetvtwv  riM  (C) 


MIST,  Gaithersburg  Benchmark  Analysis  # 2 - Frelimmary  Simulations  for  Parti  2-3  May  2002 


D-283 


9 


BRE 


#19 


JASMINE  Analysis  - Case  1 


JASMME;  Part  I • Fire  plume  at  120s 


, original 
porous  walls 


conductkm 

losses 


JASMINE;  Part  I - Fire  plune  at  300e 


Conduction  heat  loss  mechanism  has  less  pronounced  influence  on  plume  temperature 


NIST,  Gaithersburg  Benckimrk  Analysis  # 2 • Preliminary  Sitnulatiom  for  Port  I 2-3  May  2002 
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JASMINE  Analysis  - Case  2 


#20 


JASMME;  Part  I • Tree  2 at  240s 


JASMME:  Pol  I • Tree  2 at  300s 


TenperaiFt  rite  (C) 


original 

hi^o- 

ctHiduction 

losses 


Smoke  layer  temperature  sensitive  to  conduction  heat  loss  mechanism  (but  layer  height  less  so) 


NIST,  Gaithersburg  Benchmark  Analysis  # 2 - Prelindmry  Simulations  for  Part  / 2-3  May  2002 
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JASMINE  Analysis  - Case  2 


#21 


JASMINi;  Pul  I • Rra  pkam  at  240b 


Tefrp«rsturt  rfM  (C) 


original 

hi^er 

(xmduction 

losses 


NIST.  Gaithersburg 


Benchmark  Analysis  # 2 - Prelimifiary  Sinmlations  for  Pan  / 2-3  May  2002 
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JASMINE  Analysis  - Case  3 


#22 


JASMINE:  Part  I - Tree  2 at  240s 


Smoke  layer  temperature  sensitive  to  conduction  heat  loss  mechanism  (but  layer  height  less  so) 


NIST,  Gaithersburg  Benchimrk  Analyses  # 2 - Preliminary  Simulations  for  Pan  I 2-3  May  2002 
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JASMINE  Analysis  - Case  3 


Mesh  resolution  also  an  important  consideration 


NIST,  Geaikersburg  Benchmark  Analysis  #2-  Prelinmaiy  Simulations  for  Part  I 2-3  May  2002 


#24 

Closing  Remarks 

• Important  general  findings: 

• conduction  losses  into  walls/ceiling  needs  care 

- sheet  metal  influences  layer  temp 

• specification  of  restricted  ventilation  openings: 

- has  only  small  influence  on  layer  temperature 

- has  a more  important  influence  on  layer  height  (mainly  during  later  stages) 

• Important  fmdings  for  CFAST: 

• choice  of  ‘equivalent’  ceiling  height: 

- influences  upper  layer  temperature 

- but  influences  layer  height  only  at  early  stages 

• Important  findings  for  JASMINE: 

• mesh  resolution  needs  consideration 

• sloping  ceiling  approximation  ? 


NIST,  Gaithersburg  Benchmark  Analysis  # 2 - Preliminary  Simulations  for  Pan  I 2-3  May  2002 


BRE 
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Benchmark  Analysis  # 2 

Fire  in  a Large  Hall 

Proposal  for  Part  II 

Stewart  Miles 

Fire  and  Risk  Engineering  Centre,  BRE,  UK 

Tel:  444  (0)1923  664924 

Pax:  444  (0)1923  664910 

E-imll:  niUeu9tME.co.iik 

NIST.  Gaithersburg 

Benchmark  Analy.sls  # 2 - Proposal  for  Pan  U 

2-3  May  2002 

Objectives  of  Part  II 

• To  extend  scope  of  Part  I to  include: 

• a realistic  large  volume  nuclear  power  plant  building 

- turbine  hall 

• larger  fires 

- producing  temperatures  capable  of  greater  damage 

• ‘target  objects’ 

- cables 

- structural  elements 

• additional  complexities: 

- oxygen  limitation  effects 

- multi-compartment  (internal  ceiling  with  openings) 


NIST,  Gaithersburg  Betichmark  Analysis  # 2 - Proposal  for  Pan  11  2-3  May  2002 
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External  Geometry  and  Vents 


To  simplify  task  assume  floor, 
walls  and  ceiling  constmcted 
from  concrete 

Doorways  either  1 x 4 m or 
4 x4  m 


ffIST.  Gaithersburg  Benchmark  Analysis  # 2 - Proposal  for  Part  U 


2~3  May  2(X)2 


#4 


Internal  Geometry  and  Targets 


cable  target 


cenduotvlty 

density 

specific  h«at 

emissMty 

convecflve  hto 

(Ja"  nf'  K') 

(JW'K') 

(Ja"rri‘K') 

aoea 

1710 

1040 

Q£ 

10 

beam  taiget 


oonducIMty 

density 

spedfte  heet 

emissMty 

convective  htc 

(Ja'^  m*' 

PV'n"’) 

(Jkg'K') 

(Ja'nri‘K') 

54 

7B33 

A&5 

0.8 

10 

NIST,  Gaithersburg 


Benchmark  Analysis  M2-  Proposal  for  Pan  H 


2-3  May  2002 
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#5 


opeohatdi  • 
i:  between  lower , 
end  upper  levels 
{JOmxSni) 


Internal  Ceiling 


“Cj: 


-4 


” • 

internal  ceiling  partition 

(0.1 5 m concrete  slab)  v * 

a 

f 

• 

n 

1 

< 

' 

Model  as  two  vertical  compartments  with 
one  opening  (vent)  connecting  them  ? 


MIST,  Gaithersburg 


S 15 

Benchmark  Analysis  # 2 - Proposal  for  Part  II 


2-3  Mav  2002 


#6 

Exercises 


Case  la 

Cas02a  1 

tmxam  doorway  openings 

no  mechanical  exhaust  ventilation 

tmx  4m  doonaray  openings  1 

tern*  s’’ mechanical  exhaust  ventilation  | 
(divided  evenly  between  the  8 vents)  | 

CaaaSa 

Cases  1b,  2b  and  3b  | 

4m  X 4m  doorway  openings 

80  m®  s’’  mechanical  exhausl  ventilation 
(divided  evenly  between  the  8 vents) 

As  for  cases  la,  2a  and  3a,  but  with  j 
addition  of  the  Internal  celling  partition,  1 
dividing  the  volume  Into  two  levels  | 

Heptane  fuel  (as  in  Part  I) 


5.325  k1(>«  kg  s-^ 

\ 


mj=at 
ihf  =1.55 


0 2 1 < 9 minutes 
9 < t < 20  minutes 


Reporting  procedure  as  for  Part  I,  plus: 
oxygen  level 

target  maximum  incident  flux,  surfece  temp  & centre-line  temp 
(and  estimate  of  likelihood  of  damage) 


NIST,  Gaithersburg 


Benchmark  Analysis  # 2 - Proposal  for  Pan  II 


2-3May2(X)2 
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Detector  Response 
Modeling 


Doug  Seller 
NFPA  International 


Purpose 

■ Background 

■ Proposal 


D-291 


Background 

■ SFPE  Computer  Model  Evaluation 
Task  Group 

■ First  model  DETACT 

• 3+  year  effort 

• Report  issued  soon 

■ Next  model  ASET 

• (shouldn't  take  3 years...) 


DETACT  evaluation 

■ ASTM  E-1355:  many  tasks 

■ Verification  of  algorithm 

■ Sensitivity  analysis 

■ "Blind"  runs 

■ Attempted  to  compare  algorithm  to 
original  data 

■ New  tests  conducted 

■ Problems  eventually  worked  out 
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DETACT 

■ Predicts  activation  time  of  fixed- 
temperature  detectors 

■ Not  for  rate-of-rise 

■ Smoke  detectors... 

■ Correlations  for 

■ Ceiling  jet  temperature 

■ Ceiling  jet  velocity 


DETACT  Limitations 

■ Large,  flat,  smooth  ceiling 

■ Unconfined,  minimal  layer  formation 

■ Detector  assumed  to  be  exposed  to  max 
CJ  velocity  and  temperature 

■ Implicit  accounting  of  radiation  and 
conduction 
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Proposal 

■ Nuclear  installations  not 

■ Smooth 

■ Flat 

■ Open 

■ Does  DETACT  still  apply? 

■ What  happens  when  DETACT  is  used? 


Proposal 

■ Is  an  evaluation  of  DETACT  for 
nuclear  power  plant  applications  a 
good  thing  to  do? 

■ Focus  too  narrow? 

■ Is  it  possible  to  develop  a "post- 
prediction" correction  factor  to 
account  for  nuclear  configurations? 

■ "Implicit"  accounting  of  non-ideal 
configurations 
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International  Collaborative  Project  to  Evaluate  Fire  Models 
for  Nuclear  Power  Plant  Applications 
Gaithersburg,  MD,  May  2-3, 2002 


A new  model  for  time  lag  of 
smoke  detectors 

O.  Keski-Rahkonen 
VTT  Building  and  Transport 


VTT  BUICDIMG  AND  TRANSPORT 


Contents 


• Introduction 

• Time  lag  theories  and  data 

• Theory  on  filtration  mechanisms 

• Flow  through  the  screen 

• Soot  flow  through  the  screen 

• Conclusions 
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VTT  BUILDING  AND  TRANSPORT 


Introduction 


• Smoke  detection  links  from  the  source  to  the 
detector  only  partially  modelled 

• Smoke  measurements  difficult 

• Large  detection  delays  observed 

• Smoke  penetration  into  the  detector  still  a problem 


Time  lag  theories  and  data 


• Heskestad  1 977 
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Experimental  observations 

Data: 


Brozovsky  1991 
Cleary  at  al.  2000 
Fits: 

Keski-Rahkonen  2001 

At  = yl /(v  - Vo) 

Confirming  finite 
ceiling  jet  velocity 


Modelling  of  time  lag 


0.1 


0.2  0.3 

Velocity  (m/s) 


0.4 


0.5 


Calculations: 

Heskestad  1977  (1,2) 

Keski-Rahkonen  2001  (4,5) 

No  newtonian  fluid  dynamic 
theory  able  to  explain  finite 
critical  velocity 
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VTT  BU»-DING  AND  TRANSPORT 


New  modelling  ideas 

• Simplified  hemispherical  detector  body 

• Insect  screen  separates  inner  from  outer  field 

• Outer  field  from  potential  flow 

• Screen  penetration  from  diffusion  battery  models 

• Air  flow  in  the  detector  from  the  continuity  equation 

• Selective  separation  of  smoke  particles  on  the 
screen 


Simpiifie 

d geometry 

^ y 

Tl 

(2) 

TI 

(2)^ 

30.4.2002 
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Outer  pressure  field 


Curve  fitting  on 
experimental  and 
potential  flow 
models  around  the 
stagnation  point 


VTT  BUILDING  AND  THANSPORT 


Diffusion  batteries 

• Cheng  and  Yeh  1980,  Yeh  et  al.  1982 


m = Ao  Pe-^'^  +A2  Pe~^'"  R 


-1/2  n2/3 


• Closed  form  solution  available  for  smoke  particle 
penetration 
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VTT  BUILDING  AND  TRANSPORT 


Smoke  particle  penetration 


V^^TT  BUILDING  AND  TRANSPORT 


Conclusions 


• Heskestad:  At  — yl  / v 

• Experimental  data  show  large  time  lag  for  slow  ceiling  jet 
velocity 

• Brozovsky:  a finite  critical  ceiling  jet  velocity  in  variance 
with  Heskestad’s  theory 

• Keski-Rahkonen:  No  newtonian  fluid  flow  model  able  to 
explain  finite  critical  velocity 

• This  work; 

• A new  model  proposed  based  on  selective  filtering  of  smoke 
particles 

• A closed  calculation  form  derived  for  smoke  penetration 
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IBMB 

Contents  iBMB 

TU  BRAUNSCHWEIG 

• Goals  and  work  program 

Kerosene  Fire  Experiments 

• Available  results  from  German  research 

Dr.  M.  Roewekamp,  GRS 

• First  results  from  literature 

Prof.  Dr.-Ing.  D.  Hosser  and  Dr.-Ing.  R.  Dobbemack, 

iBMB  of  TU  Braunschweig 

• First  actual  experimental  results 

International  Collatxjrative  Project  meeting  to  Evaluate  Fire 

• Summary  and  conclusions 

Models  for  NPP  Applications, 

Gaithersburg,  MD,  May,  2-3, 2002 

Goals  and  Work  Program  iBMB 

• Goals 

^ Estimation  of  basic  data  for  simulating  kerosene  fires 
under  different  boundary  conditions 

♦ Exemplary  calculation  of  fire  effects  for  selected 
kerosene  fire  scenarios 

♦ Rough  estimate  of  the  risk  of  explosion  in  case  of 
sprayed  kerosene  and  the  consequences 

• Work  program 

♦ Kerosene  pool  fire  experiments 

♦ Comparison  of  the  experimental  results  with  data 
from  literature 

♦ Definition  of  fire  scenarios  outside  as  well  as  inside 
of  buildings 

♦ Fire  simulations 

♦ Rough  estimate  of  the  consequences  of  explosions 


Results  of  German  Research  IBMB 

• SR  144/1  experiments  (1982-1985) 

♦ Experiments  with  oil  fire  loads  in  pans  of  2 m^  with 
and  without  continuous  feeding  of  oil  and  different 
ventilation  conditions 

♦ Fire  compartment  temperatures  1 080  - 1 370  °C 

♦ Burning  rate  1 ,35  - 3, 1 5 kg  / m^^min 

♦ Energy  release  rate  up  to  2,2  MW  / m^ 

• HDR  fire  experiments  (1 986-1 992) 

♦ Experiments  with  oil  fire  loads  in  pans  of  1 - 3 m^ 
with  feeding  of  oil  for  different  room  geometries 

♦ Fire  compartment  temperatures  up  to  1 500  °C 

♦ Burning  rate  up  to  3,6  kg  / m^^min 

♦ Energy  release  rate  up  to  2,6  MW  / m^ 
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Results  from  Literature  (1)  iBMB 

• Hydrocarbon  fires 

♦ Scaled  offshore  fire  experiments 
(SINTEF,  Norway) 

♦ Fast  fire  spreading  on  the  pool  surface 

♦ Energy  release  rate  1 ,7  - 4,9  MW  / 

• Fluid  fires  in  general 

♦ In  case  of  pool  fires  with  sufficient  oxygen, 
medium  “burning  velocity“of  approx.  3 mm/min 

♦ Energy  release  rate  of  kerosene  depending 
on  the  heat  release  approx.  1 1 ,7  kWh  / kg, 
i.e.  1,4  MW/ m2 


Time-temperature  Curves  iBMB 

1 : ISO  curve 

2:  Hydrocarbon 
curve  HC 

3:  RABT  curve 

4:  Rijkswaterstaat 
curve  RWS 

5;  EBA-curve 


0 50  too  150  200 

fire  duration  [min] 


Results  from  Literature  (2)  iBMB 

• Kerosene  pool  fire  experiments 

♦ Open  kerosene  pool  fires  (SANDIA,  USA) 

280  m2  pan,  15  cm  water  + 25  cm  kerosene 

♦ Fire  spreading  on  the  pool  surface  within  20  s 

♦ Burning  rate  4,1  - 4,9  kg  / m2«min  (effects  of  wind) 

♦ Maximum  temperatures  1300  - 1500  °C 

♦ Heat  flux  density  at  a wall  up  to  4,5  m height 
100-130kW/m2 

• Kerosene  explosion  experiments 

♦ Laboratory  scale  (Aeronautical  Laboratories,  USA) 

♦ Flame  point  and  explosion  points  uncertain 
(composition  of  kerosene  not  well  known) 


Recent  German  Approach  IBMB 

• Kerosene  pool  fire  experiments 

♦ Kerosene  experiments  (February  2002) 

in  steel  pans  of  0,5  m2, 1 ,0  m2  und  2,0  m2 
and  kerosene  level  of  10  cm  and  3 cm 

♦ Measuring  burning  rate,  temperature  and  radiation 
heat  in  the  fire  compartment 

• Definition  of  relevant  fire  scenarios 

♦ Pool  fires  outside  buildings 

♦ Fires  with  combinations  of  kerosene  and  other  fire 
loads  inside  buildings;  comparison  with  former 
experiments 

• Fire  simulations 

♦ Comparison  of  calculations  with  different  types  of 
codes 
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Aviation  Fuel  Fire  Experiments 
Foreseen  in  Germany  for  2002/03 


iBMB 


• Kerosene  pool  fire  experiments 

♦ Inside  confinements 

♦ Outside  buildings 

• Combustible  mixtures  from  fuel  gas  and  air 
inside  confinements  with  the  potential  for 
deflagration  / detonation 

• Fuel  spray  formation  and  fireball  outside 
buildings 


Kerosene  Pool  Fires  - 
Goals  of  the  Experiments 

• Basic  data  for  fire  simulations 

♦ Burning  rate 

♦ Energy  release 

♦ Flame  temperature 

♦ Heat  flux  density 

• Consideration  of  dependencies 

♦ Pool  size 

♦ Pool  height 

♦ Underground  material  (steel/concrete) 


iBMB 


Kerosene  Pool  Fires  Inside  iBMB 

Confinements 

• Room  size  (L  x W x H = 3,6  m x 3,6  m x 5,8  m) 

• Pool  size:  0,5  m^;  1 ,0  m^;  2,0  m^;  4,0  m^ 

• Pool  height:  3 cm;  10  cm 

• Ventilation 

♦ Ventilation  controlled 

♦ Fire  load  controlled 

• Effects  of  structures  and  equipment 

♦ Concrete,  steel,  etc. 

♦ Heat  sinks  (water  tank) 

♦ Cable  trays  in  case  of  low  fire  loads 


Measuring  Equipment  for  iBMB 

Kerosene  Pool  Fires 

• Burning  rate  by  mass  loss  rate 

• Temperatures 

♦ Plume 

♦ 3 levels  above  the  fire 

♦ Inside  and  on  structures  and  heat  sinks 

♦ On  cable  surface  (fire  inside  compartment) 

• Velocity 

♦ Via  Plume  height  and  wind  velocity 

♦ In  the  off-gas  line  (fire  inside  compartment) 

• Heat  flux  at  different  locations 

• Gas  analysis  (Og,  COg  and  CO) 

• Heat  camera 
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Experimental  Layout, 
Measurements 

• Fire  compartment 

♦ Length  3,6  m 

♦ Width  3,6  m 

♦ Height  5,7  m 

• Measurements 

♦ Plume  temperature  (6  locations) 

♦ Three  measurement  levels  (4  locations) 

♦ Surface  temperature  (3  locations) 

♦ Heat  flux  (4  locations) 

♦ Mass  loss 


iBMB 


Fire  Compartment  Layout  (1)  iBMB 


Fire  Compartment  Layout  (2)  iBMB 
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Kerosene  Pool  Fires  Outside  iBMB 
Buildings 

• Pool  size:  0,5  m^;  1 ,0  m^;  2,0  m^;  4,0  m^;  16  m^ 

• Filling  level:  10  cm 

• Ventilation 

♦ No  wind 

♦ Effects  of  wind 

• Reference  equipment  at  a wall 

♦ Concrete,  steel,  etc. 

♦ Heat  sinks  (e.g.  water  storage  tank) 


D-310 


Combustible  Gas  Air  Mixtures  iBMB 
Inside  Confinements 

• Formation  of  combustible  mixtures  from 
kerosene  and  air  inside  nearly  closed 
confinements 

♦ Formation  of  gas  clouds 

♦ Spreading  of  gas  and  formation  of  mixtures 

♦ Combustion/explosion  process 
(deflagration,  detonation,  DDT) 


Combustible  Gas  Air  Mixtures  iBMB 
Inside  Confinements 

• Steps  of  the  investigations: 

♦ Comparison  of  data  for  kerosene  and  hydrogen 

♦ Comparison  of  combustion  process  of  kerosene 
and  hydrogen 

♦ Specification  of  additional  experiments  (PTB) 

♦ Status  of  the  hydrogen  modeling 

♦ Applicability  of  available  models  for  fuel  gas 
combustion/explosion  (flame  acceleration, 
possibility  of  DDT) 

♦ Exemplary  analysis  for  model  validation  and 
applicability 


Aviation  Fuel  Spraying  And  iBMB 
Fireball  Outside  Buildings 

Questions: 

• How  far  will  the  fuel  been  distributed  after 
the  impact? 

• What  is  the  droplet  size  of  the  fuel  droplets? 

• Which  amount  of  fuel  is  directly  burnt  in  the 
fireball,  which  amount  is  available  for  a pool 
fire? 

• What  are  the  effects  and  consequences  of 
a fireball? 


Fuel  Spraying  And  Fireball  iRMR 

Outside  Buildings 
Investigation  methods 

• Fuel  spraying  =>  impact  experiments 

♦ Depending  on  velocity,  potential  targets,  amount, 
etc. 

♦ Droplet  spectra,  distribution 

• Combustion  =>  ignition  experiments  and  modeling 

♦ Amount  of  directly  burnt  droplets 

♦ Fireball  characteristics,  potential  for  scale  up 

• Comparison  with  literature  including  reports  on 
aircraft  crashes 

Model  for  fireball  effects  and  amount  of  fuel  left 
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Fuel  Spraying  And  Fireball  iBMB 

Outside  Buildings 

Impact  experiments  with  fluids  (ITA  Hannover) 

• Experimental  facility 

♦ Acceleration  of  pressurized 
air  up  to  ~ 100  m/s 

♦ Video  observation 

♦ Variation  of  velocity, 
fuel  amount,  target 

• Droplet  diagnosis 

♦ Total  mass  / surface 
(gravitational/optical) 
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♦ Velocity  (PDA) 

First  experiments  foreseen  for  July  2002 


Fuel  Spraying  and  Fireball  iBMB 

Outside  Buildings 

Ignition  Experiments  (BAM/PTB)  and 
Fireball  Modeling 

• Ignition  experiments 

♦ Fuel  spray  ignition  (droplet  spectra 
analogous  to  ITA-experiments) 

♦ Fireball  characteristics 

♦ Amount  of  fuel  for  pool  fire 
e Numerical  simulations 

♦ Model  validation  with  experiments 

♦ Scaling  up  from  small  scale  to  real  scale 
experiments 


Summary  and  Conclusions  iBMB 

• Goals  of  the  activities 

♦ Gaining  important  basic  data  with  respect  to 
kerosene  as  used  in  Germany 

♦ First  rough  estimates  of  the  potential  consequences 
of  kerosene  fires  outside  and  inside  of  buildings 

• Recent  status 

♦ Analysis  of  experimental  data  from  German  as  well 
as  other  institutions 

♦ Kerosene  pool  fire  experiments  inside  buildings) 

• Continuation  of  work 

♦ Definition  and  simulation  of  fire  scenarios 

♦ Identification  of  the  significant  parameters 

• Expected  results 

♦ Statements  with  respect  to  the  significeince  of 
kerosene  fires 

♦ Assumptions  for  further  investigations 
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Challenges  in  use  of  State-of- 
the-Art  Fire  Modeling  Tools 
in  Nuclear  Power  Plant 
Applications 


B.  Najafi,  F.  Joglar, 
Science  Applications  International  Corp. 

R.  Kassawara 
EPRI  Project  Manager 
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Introduction 

Fire  modeling  issues  in  nuclear  power  plants 

- Areas  where  fire  modeling  can  be  applied 

- Areas  for  future  research 
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Prioritize  fire  modeling  issues  in  nuclear  power  plants 

Identify  areas  where  future  research  can  reduce  the 
uncertainty  associated  with  these  fire  modeling  issues 
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Technical  issues  discussed  in  this  presentation 
are  based  on  the  capabilities  of  models 
evaluated  in  EPRI’s  fire  modeling  project. 

- MAGIC 

- CFAST 

- CompBrnllle 

- FIVE 
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• EPRI’s  Fire  Modeling  project  provides  guidance  in  using 
fire  models  Including  hand  calculations  and  selected  zone 
models 

- FIVE 

- COMPBRN-llle 

- CFAST 

- MAGIC 

• Our  conclusions  are  limited  to  lessons  learned  while 
using  the  models. 

• Some  conclusions  may  apply  to  other  models,  including 
computational  fluid  dynamics  (CFD) 
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Either  there  is  confidence  in  the  modeling  tools  OR 
estimates  are  adequate  to  support  anticipated  applications 

1 . Thermal  effects  of  plumes,  ceiling  jets  and  radiation 

2.  General  room  heat  up,  and  hot  gas  layer 

3.  Elevated  fires  and  oxygen  depletion 

4.  Multiple  fires 

5.  Multi-compartments:  corridors  and  multi-levels 

6.  Smoke  migration,  generation  and  density 

7.  Partial  barriers  and  shields 


8.  Fire  detection 
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This  is  typicai  of  many  scenarios  in  NPPs  where 
criticai  targets  are  iocated  in  ciose  proximity  of 
fire  source 

Fire  conditions,  inciuding  temperature  and  heat 
fiux  in  these  areas  can  be  estimated  using  hand 
caicuiations 

Hand  caicuiations  and  zone  modeis  can  be  use 
to  evaiuate  target  response 
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• Larger,  iess  congested  piant  areas 

• These  temperatures  can  be  estimated  with  hand 
caicuiations  and  zone  modeis 

• Zone  modeis  are  recommended  in  cases  where 
naturai  and  mechanicai  ventiiation  are  part  of  the 
scenario 
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• Typical  of  cable  tray  fires 

• Zone  models  can  simulate  oxygen  depletion  and 
elevated  fires 

• The  amount  of  oxygen  available  for  combustion 
is  an  indication  of  the  capacity  of  the  fire  to  burn 

• Combustion  in  low  oxygen  environments  is 
subject  of  research 
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Scenarios  involving  intervening  combustibles, 
such  as  transients  and  cables 

CFAST  and  MAGIC  can  simulate  multiple  fires 

Fires  other  that  the  pilot  can  be  ignited  based  on 
time,  temperature  and  heat  flux 

The  effects  of  multiple  plumes  is  captured 
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• Common  fire  scenarios  in  auxiliary  or  turbine  building 

• Sometimes  approximated  with  larger  combined  or  smaller 
separated  enclosures 

• Zone  models  can  simulate  fire  conditions  in  multiple  rooms 

• CFAST  and  MAGIC  have  the  capability  of  connecting 
rooms  with  vertical  and  horizontal  openings 

• MAGIC  provides  an  image  of  the  geometry  that  Is  useful 
when  developing  input  files  in  multi-compartment  scenarios 

-&JM  (=F»iei 
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• Fires  in  the  main  control  room  specially  those  resulting  in 
evacuation 

• Smoke  generation  for  the  most  part  is  plume  entrainment 

• Migration  refers  to  the  smoke  movement  between 
compartments 

• CFAST  estimates  products  of  combustion  based  on  yields 

Slide:  12  (=F>rai 
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Used  mostly  as  radiation  shield  to  protect  against 
large  fire  source  such  as  reactor  coolant  pump 

Magic  can  simulate  radiation  barriers  (targets  in 
lower  layer) 

Barriers  have  no  thermal  behavior 

Once  targets  are  immersed  in  the  smoke,  they 
are  heated  mostly  by  convection  heat  transfer. 
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• Only  a model  for  heat  detection  is  available:  DETACT 


• Models  for  heat  detection  assumes  well  defined  celling  jets 

• DETACT  can  be  used  for  smoke  detection  - ??  - Smoke 
detectors  are  designed  to  operate  before  well  established 
ceiling  jets. 

• Some  hand  calculations  for  smoke  detection  are  also 
available 


(=i=iai 


D-319 


7 


Some  of  these  issues  are  not  amenable  to  analytical 
solutions 

1.  Cable  fires 

2.  Fire  growth  inside  the  main  control  board 

3.  Fire  propagation  between  control  panels 

4.  High  energy  fires 

5.  Fire  suppression 

6.  Hydrogen  or  liquid  spray  fires 

Current  EPRl  methods  rely  on  empirical  models  based 
on  a combination  of  operating  experience  and  fire  tests 
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Important  in  NPP  applications  since  cables  are 
major  contributor  to  potential  fire  growth 

Fire  propagation  or  flame  spread  throughout  cable 
trays  can  not  be  modeled. 

Currently  EPRl  methods  use  empirical  models 
based  on  cable  fire  tests 


Slide:  16 


(=F»*2I 


D-320 


8 


Such  fires  can  be  critical  to  safety 

The  combustion  process  in  low  oxygen 
environments  is  still  subject  of  research 

Little  empirical  data  to  support  the  extent  and  timing 
of  fire  spread 
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This  is  critical  where  source  and  target  are  both  electrical 
panels  such  as  control  room  and  electrical  equipment 
rooms 

These  scenarios  could  be  critical  to  safety 

Although  zone  models  can  simulate  multiple  fires  based 
on  heat  flux  or  Ignition  temperature,  specification  of 
required  parameters  is  usually  uncertain. 

The  problem  of  ignition  of  Internal  components  in 
electrical  cabinets  can  not  be  addressed  with  current 
models 

Current  EPRI  methods  use  empirical  models  based  on 
electrical  cabinet  fire  tests. 
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Such  events  are  result  of  electrical  faults  in  high  voltage 
switchgears  and  transformers  (more  of  a concern  when 
indoors) 

The  Intensity  and  effects  of  explosions  can  not  be  predicted 
with  fire  models 

Currently  we  use  empirical  evidence  suggesting  that 
explosions  can  occur  in  high  energy  cabinets.  Sustained 
fires  after  the  explosion  have  been  observed.  Thermal 
effects  of  these  fires  can  be  assessed  with  existing  fire 
models 
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• Automatic  and  manual  suppression  are  one  of  the  primary 
feature  (in  addition  to  barriers)  to  mitigate  consequences 
of  fire  in  NPPs 

• Only  CFAST  can  simulate  water  based  fire  suppression 
with  some  restrictive  assumptions 

• Effects  of  gaseous  suppression  systems  can  not  be 
simulated  with  current  models 

• Effectiveness  of  suppression  systems  In  deep-seeded  fires 

• EPRI  methods  relies  on  codes/standards  to  demonstrate 
effectiveness 
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• Not  very  critical  based  of  operating  experience 

• Fire  models  assume  fires  as  a point  source  of 
heat  release.  Effects  of  jet  fires  can  not  be 
predicted 

• Little  empirical  data  to  support  a model 
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• Issues  that  may  not  be  amenable  to  analytical  solutions 

- Fire  growth  inside  control  room  main  control  board 

• CFD  codes  may  have  the  capability,  the  scenario  description  is 
questionable 

- High  energy  fires 

• Prediction  of  consequences  of  initial  blast  require  different  type  of 
models 

- Hydrogen  or  liquid  spray  fires 

• ??  ??  ??  ?? 

• Areas  for  Improvement  In  current  codes 

- Cable  fires 

- Fire  suppression 

- Panel  to  panel  fire  growth 
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• Areas  of  application 

• Areas  for  future  research 

• Thermal  effects  of  plumes,  ceiling 

• Cable  fires 

jets  and  flame  radiation 

• Fire  growth  inside  the  main  control 

• Room  heat  up,  and  hot  gas  layer 

board 

• Elevated  fires  and  oxygen 

• Fire  propagation  between  control 

depletion 

panels 

• Multiple  fires 

• High  energy  fires 

• Multi-compartments:  corridors 

• Fire  suppression 

and  multi-levels 

• Smoke  generation  and  migration 

• Partial  barriers  and  shields 

• Fire  detection 

• Hydrogen  or  liquid  spray  fires 
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• Duke  Power 

• Exelon 

• Public  Service  Electric  & Gas 

• Pacific  Gas  & Electric 

• EDF 

• NRC 
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Proposal  for  Full-Scale  Tests  and 
Blind  Validation  Exercises 


Moni  Dey,  U.S.  NRC 


Outline 

■ Background  and  need  for  validation 

■ Proposed  3-year  plan 

■ Solicitation  of  participation 

■ Proposed  schedule  for  1®*^  full-scale  test 
and  blind  validation  exercise 


Proposal  for  Full-Scale  Tests  and 
Standard  Problem  Exercises 
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Conclusions  of 
Benchmark  Exercise  # 1 

■ Trends  predicted  by  models  are  reasonable,  and 
provide  useful  information 

■ Similar  results  from  most  codes,  including  zone 
and  CFD 

■ International  blind  validation  exercise,  with 
emphasis  on  quantifying  uncertainties,  wiil  add 
confidence  to  findings 

■ Flux  Incident  on  and  thermal  response  of  target 
were  key  issues  In  exercise 


Review  of  Validation  Database 

■ UK  IMC  validation  database  report 

■ Specific  validation  of  fire  models  in 
benchmark  exercise 

■ Improvement  in  quantification  of 
uncertainty  needed 

■ Thermal  response  of  target  may  benefit 
from  additional  validation 


Proposal  for  Full-Scale  Tests  and 
Standard  Problem  Exercises 
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Plan  for  NRC  Fire  Model 
Research  Program 

Near  Term  Needs 

■ Conduct  tests  for  international  blind 
validation  exercises  to  extend  confidence  in 
current  models 

Long  Term  Needs 

■ Conduct  research  to  Improve  fire  modeling 
capability,  and  validate  Improved  methods 


Proposed  Test  Program 


FY02 

FY03 

FY04 

Test  Series 

Cable  tray 
fires 

Multi  com- 
partment 
fires 

Control 
room  fires 

(tentative) 

Objective 

Confirm 

present 

findings 

Examine 
flow  issues 

Examine 

smoke 

issues 

Proposal  for  Full-Scale  Tests  and 
Standard  Problem  Exercises 
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Cable  Tray  Fire  Test  Series 

■ Objective: 

■ Investigate  issues  identified  in  benchmark 
exercise 

■ Establish  measurement  uncertainties 

■ Quantify  uncertainties  in  prediction  of  cable 
temperatures  for  range  of  scenarios 


Proposal  for  Full-Scale  Tests  and 
Standard  Problem  Exercises 
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Specific  Investigation  of 
Effects  of  Key  Variables 

■ Fire  intensity 

■ Distance  between  fire  source  and  cable 

■ Cable  diameter  and  composition 

■ Elevation  of  cable 

■ Bundling  of  cables  in  a tray 

■ Smoke  concentration 


Solicitation  of  Participation 

■ NRC  invites  participation  in  international 
blind  validation  exercises  with  respective 
fire  models 

■ Mutual  benefit  gained  through  exercise  of 
different  models 

■ Invite  engagement  in  experimental 
program  and  data  analyses 


Proposal  for  Full-Scale  Tests  and 
Standard  Problem  Exercises 
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Schedule  for  Full-Scale 
Test  and  Exercise 

■ Develop  detailed  test  specification  - August  30, 
2002 

■ Discuss  proposed  test  specification  - October, 
02  (6^  meeting  at  BRE) 

■ Finalize  test  specification  - December,  2002 

■ Submit  fire  model  predictions  for  defined 
problem  - March,  2003 

■ Conduct  tests  - March  2003 


Proposal  for  Full-Scale  Tests  and 
Standard  Problem  Exercises 
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